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Executive Summary

This thesis explores the fuel and time cost associated with mitigating condensation trails of
commercial aviation through ight planning. These white lines that can often be seen trailing
high altitude jet aircraft add to anthropogenic global warming. Mitigating contrails should
therefore help reduce climate change. Research has shown that reduction of a majority share
of contrails is possible at very low fuel and time cost. Contrail reduction of over 50% is possible
at the expense of at most a few percent additional fuel and very low additional ight time in
free ight. Many models however are based on assumptions that do not hold in commercial op-
erations. In order to further bridge the gap between these studies and commercial operations,
ight planning is introduced as potential solution. This thesis investigates to what extent the
results in literature hold when ight planning is used as a mitigation tool.

A model was developed that simulates a set of ights from Europe to North-America. First,
an optimal ground track is found which complies with existing route structures. Second, a
velocity-altitude pro le is obtained from simulation of the ight along the ground track. To
emulate ATC requirements ights are only allowed at certain ight levels and use step climbs
between them. Mitigation of contrails is achieved in three ways. 1) Inclusion of contrail cost
in the edge cost along the ground network is used to achieve lateral mitigating action. 2) Step
climbs and descents along the ight pro le allow for mitigation by altitude adjustment. 3)
Combining both lateral and altitude changes provides a hybrid mitigation strategy.

Through ground track alterations nearly half of all contrails can be mitigated against 2-3%
additional fuel and ight time. Mitigation by altitude pro le alterations shows a di erent
image for fuel optimal ights compared to time optimal. For fuel optimal ghts there is a
trend of increasing fuel consumption up to 0.1% with decreasing contrail distance, albeit very
case dependent. For time optimal ights the case is reversed. Due to operational constraints
any pro le alteration leads to a lower cruise velocity which comes with increases in ight time
and reduced fuel consumption. Over 80% of contrails can be mitigated while reducing fuel
approximately 1.2% and increasing ight time by 0.4-0.8%. For hybrid mitigation results are
also very case dependent. What is clear is that at least 50% of contrails can be mitigated at
less than 2% additional fuel which exceeds ground track selection only strategy (i.e. hybrid
outperforms a single dimension strategy). The results have con rmed the hypothesis that large
shares of contrails can be mitigates against a few percent additional fuel consumption and
ight time. Compared to literature the mitigation potential shows similar results. Compared

to Hendriks [1] the results show more additional fuel for ground track selection strategy and
less for pro le alterations. In order to minimize the environmental impact of contrails, future
research should further investigate the incorporation of contrail mitigation in commercial ight
planning tools.
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Chapter 1

Introduction

Commercial aviation has enabled travel of people and goods at speeds and cost that changed
the world. As the industry has grown, more and more large jet aircraft take to the sky, con-
suming fuel and releasing exhaust gasses along their trajectory. These exhaust gasses contain
mainly carbon dioxide CO,), water vapour (H,O) and some other oxides. Even though the
exhaust gasses are mostly invisible, they are often seen as white lines behind jet aircraft. In
some cases these lines even stay visible for hours after they form and many may be seen si-
multaneously across a clear sky. Condensation trails, or contrails for short, is what the white
lines behind jet aircraft are called. They form when hot and humid air from the engines mixes
with cold air and water vapour condenses to form plumes in the wake of these aircratft.

Experts have shown that global warming is a real and signi cant problem. As aviation is a
large and increasing contributor to anthropogenic climate change the impact of jet aircraft on
the climate has become a subject of research. Much of it focuses on carbon dioxide emissions
which have been proven to add to the greenhouse e ect. Reduction policies have been put in
place and there is a societal awareness that its emission should be avoided as much as possible
to combat global warming. What is much less well known is the contribution of contrails to
global warming. As they form and persist, contrails change the local energy balance of the
atmosphere, leading to a nett warming e ect. Therefore, just like for carbon dioxide, reducing
contrails where possible should help reduce anthropogenic global warming.

One could argue that the founding fathers of contrail research were Schmidt [2] and Appleman
[3]. Modern day consensus on the required conditions for contrail formation is based on their
work, along with a 1996 review of their work by Schumann [4]. These conditions are referred
to as the Schmidt-Appleman criterion. Contrail formation is dominated by the local proper-
ties during isobaric mixing of the exhaust of jet aircraft and surrounding air. If saturation
with respect to liquid water occurs contrails will form. Their persistence depends on whether
nal conditions are su ciently saturated with respect to ice. If so, the young contrails will
persist until conditions no longer satisfy this criterion. The long term environmental impact
of contrails is relatively unknown compared to other direct emissions of aircraft. Nonetheless,
research has shown strategies with great contrail mitigation potential at relatively small fuel
and/or time cost. 50% or more of potential contrails can be mitigated through a few percent
additional fuel and/or time cost in free ight [1, 5, 6, 7, 8, 9]. Various methods for contralil
modelling have been explored. An example of successful microphysical modelling of individual
contrails and their development is the Contrail Cirrus Prediction (CoCiP) model [10]. Other
models take another approach and use straight forward application of the criteria for forma-
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tion and persistence (binary; yes or no) along with validated assumptions to make predictions
in various scenarios [1] or use probability and statistics [11] or regression analysis [12]. For
contrail mitigation to be e ective in a realistic setting there are some rules and regulations the
proposed ight should abide. Before a ight can take o a ight plan needs to be submitted
and approved. Many airlines make use of ight planning tools (often software) that plan ights
(semi)automatically and generate the corresponding ight plan, taking into account ATC, air-
port, airspace and other operational constraints and preferences.

Previous work by Hendriks developed a tool for mitigating total contrail time of a single ight
through four dimensional trajectory optimization [1]. His and most other contrail mitigation
studies have however remained rather separated from real life operations. Their conclusions
rely heavily on specic conditions and ignore practical constraints. Examples include the
assumption of free four dimensional path control and ignoring winds. Current research lacks
the ability to translate conclusions of carefully crafted models to practical situations. Therefore,
as ight planning is widely used to plan ights and optimize them, it is a promising solution to
practical application of mitigation strategies. As such, this thesis aims to take a step towards
assessing and mitigating the environmental cost of contrails caused by aviation by evaluating
the fuel and time cost of contrail mitigation through ight planning.

Research question: What fuel and time cost is associated with mitigating the envi-
ronmental impact of contrails through ight planning for ights between Europe and
North America?

Research objective: To assess the fuel and time cost associated with mitigating the
environmental impact of contrails caused by ights in the selected domain by develop-
ing a realistic ight planning tool that includes a measure of the contrails generated
and using it to optimize a set of characteristic ights

The method used to investigate this contrail mitigation potential in a realistic ight planning
context consists of a number of steps. Each ight is rst assigned a minimum cost ground
track, which is generated from a network of airways and corresponding edge costs. A ight is
then simulated following optimal cruise conditions along this ground track. Contrail regions
are identi ed along the way and are mitigated by horizontal (ground track), vertical (altitude
pro le) or hybrid ight path alterations. Subsequently their impact on fuel consumption and
ight time for the selected scenarios is examined.

This report is structured as follows. Chapters 2 to 4 start by introducing some relevant
literature and common practices concerning condensation trails, their environmental impact
and ight planning. The theory that is covered in these is subsequently applied in creating a
trajectory simulation and contrail mitigation model. Chapter 5 describes this model including
ground track, prole and integrated trajectory generation, contrail prediction and contrail
mitigation elements. Chapter 6 covers some aspects of the model in more detail and describes
the veri cation and validation that is performed. The di erent scenarios that are evaluated
are introduced in Chapter 7 after which their results are shown in Chapter 8. This includes
baseline, ground track selection, altitude pro le mitigation and hybrid results as well as a
sensitivity analysis for them. Lastly, Chapters 9 and 10 cover the conclusion, discussion and
recommendations regarding the results.
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Chapter 2

Condensation Tralls

This chapter describes relevant theory concerning condensation trails, their formation, persis-
tence as well as relevant modelling, observation and validation e orts in literature.

Condensation trails or contrails for short are the white stripes that can often be seen trailing
high altitude aircraft. These are acommon phenomenon in commercial aviation and can be seen
to either dissipate quickly or stay for extended periods of time depending on circumstances.
Similarly to breath in cold air, relatively hot and humid exhaust gasses are ejected in the
wake of the aircraft at which point the water vapor in the air condenses and freezes to form a
contrail. Section 2.1 describes the Schmidt-Appleman condition on which formation of contrails
depends. Section 2.2 continues by covering the conditions under which they persist after
formation. Section 2.3 covers some contrail modelling e orts in literature and their conclusions
after which Section 2.4 brie y describes the results of observational studies and validation of
previous contrail models.

2.1 Formation

Contrails have been studied ever since aircraft started reaching altitudes that are required for
contrail formation in the midlatitudes around 1914-1919 [13]. The rst article on contrails was
published in 1919 by Ettenreich [14] who reported "the condensation of a cumulus stripe from
the exhaust gases of an aircraft”. Following this article, early research in contrail physics and
modelling can be found in meteorological and climatological science. One could argue that
Schmidt [2] and Appleman [3] are among the most in uential authors and founders of modern
contrail research. In 1996 Schumann [4] rede ned their combined work into modern version of
the well known Schmidt-Appleman criterion, which is important in contrail research since it
can predict if contrails form under speci ed conditions or not.

In 1941 Schmidt [2] presented his research into the physics of contrail formation. In his work
he investigated isobaric mixing between two air masses with varying enthalpy and water con-
tent. He showed that the critical conditions for contrail formation are dependent on ambient
pressure, humidity and exhaust temperature and water content. Following Schmidt's work, in
1953 Appleman [3] published an article in which he introduced the same concept as Schmidt
previously did and constructed curves that are used to determine the critical temperature for
formation of a visible contrail in a given ambient pressure and humidity and the amount of air
in the exhaust stream.

MSc Thesis - K.P.A.M. Barten |3



2. Condensation Trails

After the works of Schmidt [2] and Appleman [3] a review article was written in 1996 by Ulrich

Schumann. This article on the conditions for contrail formation re-examined previous work
and proposed the modern version of the Schmidt-Appleman criterion we work with today [4].
In his research Schumann included the e ects of converting combustion heat into kinetic en-
ergy of ows in the wake area. Inclusion of this e ect lead to higher critical temperatures and

therefore less stringent conditions in which the criterion predicts contrails to form compared
to previous work.

When looking at contrail formation one of the key concepts is that of saturated vapour pres-
sure. Saturated vapour pressure is the thermodynamic equilibrium pressure of a vapour that
is in contact with its solid or liquid form. This is the pressure at which there is a perfect
equilibrium between the amount of molecules evaporating from the surface into a gaseous state
as there are molecules returning to the condensed phase. When ambient pressure is greater
than vapour pressure, more molecules will condense than evaporate and when ambient pres-
sure is lower than vapour pressure, nett evaporation will occur. Since contrails are formed by
condensation of water vapour, the conditions under which these phase shifts occur can be used
to predict them. As can be seen in Figure 2.1 a curve can be constructed for liquid water
and ice particles suspended in the atmosphere that relates the saturated vapour pressure to
ambient temperature. Given these lines one can conclude that if local pressure is below the
water saturation pressure, liquid water will evaporate and if it is above the water saturation
pressure, the air has become saturated and vapour may condense back to solid or liquid.

When exhaust gasses exit the engine they are relatively hot. When plotting the exhaust condi-
tions in Figure 2.1, due to the scale the location of this point cannot be seen; however one can
image this point exists and is located above and to the right of the frame. From these exhaust
conditions a line can be plotted that shows the mixing with ambient conditions. Mixing implies

a decrease in temperature and saturated vapour pressure and thus a line going down and to the
left is expected. Schumann shows that this line of mixing of exhaust and ambient gasses follows
a gradient G [4]. The mixing line is plotted and can be seen in Figure 2.1. Gradient parame-
ter G is a function of a range of inputs as seen in Equation (2.1) which are further elaborated on.

As mentioned, conditions above the saturated vapour pressure line will cause condensation.
Given that using speci c exhaust and ambient conditions a mixing line can be constructed,
also a critical mixing line can be constructed that just touches the saturated vapour pressure
line at a single point. This line can be seen in Figure 2.1. The critical mixing line provides the
critical conditions for contrail formation. Any lower temperature will cause contrails to form

as the mixing line crosses the vapour pressure line which implies mixing conditions in which
condensation occurs. Any higher temperature and mixing conditions will keep contrails from
forming. The critical temperature can be approximated graphically as Appleman did in 1953
[3] or determined through numerical methods that were later developed [15].

Given the mixing lines and vapour saturation pressure lines there are some speci ¢ points in
Figure 2.1 that are relevant in Schumann's contrail formation theory [4]. The most straight
forward location is Tymp at the end of the actual mixing line. At that temperature the exhaust
has mixed completely. This temperature is used as one of the key values to determine whether
or not the Schmidt-Appleman criterion is ful lled. What can also be seen is the critical tem-
perature T;, which is the location where the critical mixing line and the vapour saturation
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2.1. Formation

Figure 2.1: Contrail formation conditions

pressure line meet (where the red and green lines touch). Lastly, one can see the intersection
of the critical mixing line and the ice saturation pressure which is referred to dk;. The
temperature at this point represents the critical temperature point for contrail formation and

is located on the critical mixing line.

When considering the slope of the ideal mixing line (which is equal ®) one can determine a set
of input variables. Gradient parameterG is a function of speci ¢ heat capacityc, (Jkg K 1),
total pressurep (Nm 2), ratio of molar masses of water and aif', emission index of water
vapour El 4,0 (kg kg 1), propulsive e ciency and speci ¢ combustion heatQ (MJ kg 1)

[4]. Dimensional analysis proves that the unit o6 isN m ' K ! which matches expectations
from the fact that the line is plotted in a pressure-temperature plot. From Equation (2.1) it

is clear that G is dependent on atmospheric conditions, engine and combustion parameters
and the type of aircraft propelled. Typical values for these are as follows, is in the order

of .00 10°J kg 1K 1! [4]. Total pressure at a cruise altitude of 1km is approximately
260hP a as dictated by the International Standard Atmosphere (ISA) [16]. Furthermore the
molar masses of water is 182gr mol * [17] and that of dry air is 2897 gr mol * [18]. This
combination gives a molar mass ratio df = 18:02=2897 = 0:622. The emission index of water
vapour expresses the mass of the emitted water vapour in the combustion process in relation
to the mass of fuel consumed, which for kerosene is approximatet23kg kg * [19]. As the
propulsive e ciency of aircraft keeps improving, when Schumann wrote his paper he used an
e ciency of = 0:308 [4] however modern airliners are more e cient which implies a higher
value for G. Lastly the specic combustion heat of the most commonly used jet fuels Jet A
and Jet A-1 are 4302 and 4315MJ kg ! respectively [20].

g=% P Elno
@1 )Q
The critical temperature T is determined from the observation that the critical mixing line is
tangent to the saturated vapour pressure line. Tangency of these lines implies the sldpés
equal to the derivative of the saturated vapour pressure line with respect to temperature. This

(2.1)

MSc Thesis - K.P.A.M. Barten | 5
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2. Condensation Trails

condition can be seen in equation form in Equation (2.2).

dpsat(T)
dT

In Schumann's research on the Schmidt-Appleman criterion he took the condition as can be

seen in Equation (2.2) and determined the critical temperature numerically through Newton

iteration [4]. In his paper he describes that as a rst guess one could use the relation as shown

in Equation (2.3). For T, he used units of C and G in units of N m 1 K 1.

G= (2.2)

Tc= 4646+9:43 In(G 0:053)+0:720 [In(G 0:053)f (2.3)

It is relevant to know the value of T is because it represents the critical temperature for con-
trail formation at a relative humidity of 100%. In order to take a nal step towards developing

a generalized critical contrail formation temperature as indicated by a nal relation is
required. Schumann used the relation as showed in Equation (2.4) to determine exactly this
temperature. It is a function of the critical temperature T., the vapour saturation pressures
(expressed bye ) of critical temperature and to-be-determined contrail formation temperature
and the relative humidity U. Since the Schmidt-Appleman criterion simply compares ambient
temperature Tamp and critical contrail formation temperature Ty it can be expressed in equa-
tion form as can be seen in Equation (2.5).

Tc [eL (Tc) u e (ch )]

T =
cf G

(2.4)

Tamb  Tet (2.5)

From the input as previously mentioned, along with the ISA temperature model, Schumann
investigated the likelihood of contrails occurring at various altitudes [4]. He concluded that in
kerosene jet aircraft at the time, contrails may form typically above & km and below 14km
altitude. This can also be seen in Figure 6.8. If hydrogen fuels are used instead of kerosene
contrails may form above km up to 195km altitude. Their exhaust is of course pure water
vapour which could (partially) explain the di erence.

2.2 Persistence

In Section 2.1 a description of contrail formation is given. However as can be seen in many cases
these contrails may initially form but disappear again in a matter of minutes. This shows the
relevance of not only knowing when they form but also when contrails persist and become the
long white lines in the sky. In this section the theory behind contrail persistence is expanded on.

Fundamentally, the question whether contrails persist depends on whether the condensed par-
ticles in a young contrail (albeit in solid or liquid form) are likely to evaporate or not. Of
course this depends on similar atmospheric properties to those that were used to determine
when contrails form, namely saturated vapour pressure and temperature.

\ Faculty of Aerospace Engineering - TU Delft



2.2. Persistence

Figure 2.2: Persistence of contrails [21]

The relative humidity of the environment is critical in contrail persistence. As mentioned,
distinction should be made to the relative humidity with respect to liquid water or ice. Just
like there are two distinct saturated vapour pressure curves for liquid water and ice, also the
relative humidity can be de ned for both. It was shown that relative humidity with respect

to ice is the value that determines whether contrails persist or not [22, 15, 23]. For contrail
persistence, a distinction can be made between two states of saturation with respect to ice of
the atmosphere. As one would expect the air can have a saturation level of 0 to 100% and will
therefore hold all the vapour and typically not show condensation. We call this a state of sub-
saturation. Here, jet exhaust may cause humidity increases and temperature changes which
may cause contrails to form, however as the wake mixes the ice crystals will sublimate rather
quickly [24, 25] and the contrail will vanish. The second state of saturation the atmosphere can
take is that of supersaturation. In this case the air has a relative humidity of more than 100%.
If ambient air is su ciently supersaturated with respect to ice, contrails will persist [22, 24, 25].

An example from Schrader [15] as seen in Figure 2.3 helps illustrate exactly the conditions in
the temperature-pressure plot that cause contrails to persist or evaporate after formation. The
example shows an illustration of the aircraft and contrail with a set of points indicated. Un-
derneath the aircraft and contrails the pressure-temperature graph is shown with the mixing
line and corresponding points. One should note the following. The region above the satu-
rated vapour pressure line for liquid water corresponds to conditions in which condensation
will occur. As explained in Section 2.1 contrails will form in this part of the graph. In both
cases the contrail only forms when the water saturation line is crossed because at this moment
condensation is rst initiated. After this point two things can happen. If the ambient air is not

su ciently saturated with respect to ice, the contrail particles sublimate in the mixing process
and the contrail vanishes. This can be seen in case of the non-persistent example between
points three and four. If the air however is su ciently saturated with respect to ice the con-
trail remains as can be seen from the conditions in point three in the persistent contrail example.

As is shown, contrails form if liquid saturation is reached and they persist as long as the air

MSc Thesis - K.P.A.M. Barten |7
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2. Condensation Trails

Figure 2.3: lllustration of contrail persistence by Schrader [15]

remains su ciently saturated with respect to ice [24]. Sonntag showed that the saturated
vapour pressure lines with respect to water and ice can be approximated as can be seen in
Equation (2.6) and Equation (2.7) [26]. Especially the ice saturation pressure line is very
accurate as shown by Murphy and Koop [27].

plsat " (T) =100 e 6096:9385=T+16:635794 0:02711193T+1:67395210 5 T?2+2:433502In(T) (2 6)

iqui '

pjsat(-l-) =100 e 6024:5282=T +24:7219+0:010613868T 1:319882510 ° T? 0:49382577In(T) (2 7)
ice '

In humidity measurements there are three basic metrics. These include absolute humidity
which expresses the water vapour content of air igr m 2 and relative humidity, which gives

the ratio of the current absolute humidity to the maximum humidity for that temperature

in percentage (%). Finally there is speci c humidity which is the ratio of the water vapour
mass related to the entire air mass, expressed kg kg 1. As mentioned, contrail persistence
requires su cient saturation with respect to ice. In order to calculate this relative humidity
one needs to be aware of the relationship between relative humidity and saturated vapour
pressure. It has been shown that the saturated vapour pressure lines give the vapour pressure
pin N m 2 as a function of ambient temperatureT,y, in K. Since the relative humidity is
simply the ratio of the partial pressure of water vapour over the equilibrium vapour pressure
(the saturated vapour pressure) one can use the known saturation pressure over water and ice
to convert betweenRH,, and RH;. The relation can be seen in Equations (2.8) and (2.9). It
should be noted thatRH,, refers to the relative humidity with respect to liquid water andRH;

is the relative humidity with respect to ice.

p\eartial
RHy =100 —= (2.8)
liquid
partial sat
RH; =100 p"ap;t“r = RHy p"cll:td (2.9)
ice Pice

2.3 Modelling e ort

In Section 2.1 the Schmidt-Appleman criterion has been introduced and in Section 2.2 contrall
persistence has been elaborated on. Most contrail prediction and mitigation studies have relied
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2.3. Modelling e ort

heavily on this theory and as such have been fundamentally similar. However, as shown in this
section di erent models make use of of di erent assumptions and put emphasis on di erent

aspects of the theory or even take a di erent approach entirely by for example embracing prob-
ability and regression techniques to build models. This section gives an overview of di erent
contrail prediction models that were developed.

One of the most sophisticated models that was developed is the Contrail Cirrus Prediction (Co-
CiP). This model was developed by Schumann at Deutschen Zentrums far Luft- und Raumfahrt
(DLR) [10]. Since the author is one of the leading authors on the subject this model makes
extensive use of the theory that he developed over time. As expected the Schmidt-Appleman
criterion is used to determine whether or not contrails form. It should be noted that due
to the spatial nature of supersaturated regions the critical relative humidity with respect to
ice was relaxed slightly. Because they are often shallow and narrow the discrete humidity
eld may not accurately describe it. In this model the critical humidity with respect to ice
was chosen to be 80% in the mid-troposphere, 100% in the stratosphere and follows a smooth
transition with pressure altitude between these two values in the upper 20% of the troposphere.

In 2016 a review article was written by Paoli which aimed to review the main physical processes
and simulation e orts in contrail research [28]. The article de nes four distinct phases namely,
the jet, vortex, vortex dissipation, and di usion phases as described by Gerz [29]. Each of
these are governed by processes that are elaborated on extensively in the paper.

Rather than developing a model for contrail formation, development and other properties such
as optical depth, some authors choose to use a di erent approach. Mannstein for example uses
the frequency of an aircraft ying through an Ice Super Saturated Region (ISSR) as a proxy
for the quantity of contrails that a particular strategy causes [5]. In his research he shows
that the frequency of ying through these regions is decreased if the aircraft changes altitude
when an ISSR is encountered regardless of the direction (upwards or downwards). A general
altitude change regardless of atmospheric conditions will not lead to su cient reduction in
contrails. Moreover, a small increase in altitude will likely increase the probability of ying
through contrail prone areas. If the change is directed towards the closest non-ISSR region
some of the desired mitigation can be attained. In this case, an altitude change of 1600s
enough to reduce the frequency of ying through contrail prone regions by 50%.

There are researchers that believe the Schmidt-Appleman criterion has drawbacks due to its
heavy dependence on accurate input data and try to overcome that through the creation of lo-
gistical models. Duda reports that logistic regression techniques can be used if the phenomenon
of interest is a dichotomous (yes/no) variable, which is arguably true for prediction of contrails
[12]. In his paper he tests 21 atmospheric parameters as predictors and includes random errors
to test their e ect. It was shown that the model correctly predicts the outcome approximately
85% of the time when large errors are introduced. The paper shows that logistical models
could be valuable in contrail prediction. Especially when input data will be more accurate
the models can be better calibrated which improves the quality of their output. Additional
research is required to include regional and seasonal e ects.

Just like Duda, Travis took a step back from contrail physics and used statistics to create an
empirically based model for contrail prediction [11]. As input data he made use of 99 obser-
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vations of which 33 with contrails, 33 with a clear sky and no contrails and 33 with a cloudy
sky and no contrails. He initially used the average temperature of the 300{100-mb level and
the column-integrated water vapor in the 700{100-mb layer as primary independent variables
on contrail persistence. In the model he also tested for nonlinear dependencies by including
the squares of temperature and water vapour and interaction between them by including the
multiplication of temperature and humidity and the square of the interaction value. Three of
these were concluded to be statistically signi cant which are the water vapour, water vapour
temperature interaction and water vapor{temperature interaction squared. Finally the authors
test the model they have created and its potential use in climate research. In the paper, usage
of the model is suggested for micro-physical studies on contrails but these studies have yet to
be carried out.

As contrails can often be clearly seen from the ground, this is also true for the trails of military
jet aircraft. Given that the military invests signi cant resources in technologies like stealth to
keep their aircraft from being detected, contrails are an obvious liability in their operations.
Therefore also military research laboratories have developed contrail prediction models. In
1992, Bjornson wrote a paper on the improvement of the models that were at that point used
due to an unacceptable probability of false outcomes [30]. By improving the input data for
the model that was based on the Schmidt-Appleman criterion he could obtain a better t for
the contrail formation curves as a function of temperature, altitude and vertical motion. The
previous model used the curves as developed by Appleman in 1953 [3] and by reconsidering
the curves of governing relations, the accuracy of the model was improved. It was however
concluded that not the atmospheric condition curves but inclusion of engine fuel-to-air ratio
into the curves had the greatest improvement on the model and was consequently adopted.
In 2001, in another piece of military contrail research Jackson describes how up to that point
the Air Force Weather Agency had relatively poor contrail forecasts due to the accuracy of
atmospheric measurements and numerical prediction of humidity and temperatures [31]. The
newly developed statistical regression contrail prediction model was compared to a model based
on the Schrader algorithm which represented the currently used model closely. It produced
in 85% of cases a correct prediction whereas the original model only did in 58% of cases. It
is clear that the military has developed contrail prediction models and will keep developing
them. Although the Schmidt-Appleman criterion is a powerful tool in predicting contrails, the
accuracy of input data should be considered carefully.

2.4 Observation and validation studies

It is one thing to develop advanced models to predict phenomena, but their validation is critical

if they are to deliver any realiable results. It was also emphasised by Travis that one cannot
underestimate the value of empirical studies [11] and going out collecting measurements and
testing contrail models in real life. In this section an overview is given of selected validation
and observation studies.

There have been studies that aim to quantify contrail coverage globally and regionally. Studies
show estimates for global contrail coverage of(84% [32], 7% [33], 006% [34] and 5%
[35]. Sausen determined that in the period 1983-1993 global contrail coverage wa9% [36].
It was also shown that there were signi cant seasonal patterns on a regional scale. In the
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mid-latitudes winter showed more contrail coverage compared to summer. As might be ex-
pected, the pattern of air routes can be seen in geographical distribution of contrail coverage.
As shown by Mannstein the daytime contrail coverage of Central Europe wass0% 0:25
with regional maxima of 12% [37]. This was con rmed by Pultau who also reports a value of
0:5% with maxima during spring and winter [38]. Contrail coverage over the continental US is
determined at 144% [36] to 17% [39]. Mannstein reports that South-East Asia has a coverage
of approximately 013% with low values in the south and higher in the north [39]. Mannstein
and Schumann continued to show that air tra ¢ increases contrail coverage of the sky over
Central Europe with an additional 3% [40]. Stubenrauch con rms this trend of increasing
contrail cover due to increasing air tra ¢ density [41]. It was shown that contrail coverage
increases (20%{0:25% per decade over Europe andd%/{0:24% over the North Atlantic ight
corridor. A 1999 study by Gierens predicts global contrail coverage to increase with a factor of
three by 2050 [42]. This is mainly attributed to the assumed increase in propulsive e ciency
as well as air tra ¢ density worldwide. Contrail coverage during the day is reported to be two
[43] to three [37] times that during the night. In summary, despite variations in methods and
results of previous research it is safe to assume that global contrail coverage around the turn
of the century was in the order of @5%-01% and is increasing. Local peaks occur in high
tra ¢ density regions.

As shown in Sections 2.1 and 2.2 contrails only form under speci ¢ atmospheric conditions.
Given that only a fraction of the atmosphere complies to these conditions, one could de ne
a maximum potential contrail coverage fraction. This represents the fraction of the sky that
could be covered by persistent contrails if an aircraft were to y through it. Noppel calculated
a value of 118 14:5% globally and in the range of 17% for regions with high air tra ¢ density

in the northern hemisphere [44]. Sausen determined global potential contrail coverage to be
approximately 16% [36]. Stubenrauch estimated the potential contrail coverage in areas of high
air tra ¢ density to be in the order of 5%-10% [41]. Williams showed that seasonal changes
have a signi cant e ect on potential contrail coverage over much of Europe [45]. In summer
the coverage is close to 5% in high tra ¢ density areas while in winter local values of 25%
are not uncommon. This shows the impact of choices with respect to input data. Daily and
seasonal changes or weighting methods must be kept in mind in new contrail research.
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Chapter 3

Environmental Impact

Chapter 2 explains contrail physics and modelling e orts. In the context of this thesis however
it is also important to know why they should be mitigated. This chapter goes into detail regard-
ing the impact that aviation exhaust has on the global climate and how contrails contribute to
it. Some relevant studies are introduced including previous contrail mitigation studies. Finally,
a closer look is taken at various metrics of climate impact.

3.1 Anthropogenic climate change

One of the most cited pieces of work on the role of aviation in global climate change is a report
by the Intergovernmental Panel on Climate Change (IPCC) from 1999 [46]. This report along
with its follow up [47] and numerous other works explain why and how much burden aviation
puts on the environment. There is general consensus on the way that aviation impacts the
environment, as listed below [48]. Section 3.1 aims to provide an overview with the ways in
which aviation contributes to climate change, as well as explaining some opportunities for the
industry to limit their growing contribution.

CO,, results in a warming e ect

NOy results in a warming e ect

Emissions of soot particles result in a warming e ect

Emissions of sulphate particles result in a cooling e ect

Persistent linear contrails result in both warming and cooling (nett result is warming)

Contrail-cirrus clouds result in both warming and cooling (nett result is warming)

It was shown that international aviation contributes to 2.5-3% of anthropogenic C@emissions
[49]. As can be seen from Figure 3.1 aircraft emissions add in many ways to climate change.
The dierent types of direct emissions correspond to the list by Lee [48] that was shown.
Each of the components contribute in their own way to climate change. Apart from sulphate
particles, the other direct emissions all cause a nett warming e ect. It should be noted that
some lead to both positive and negative e ects. An example is the increased albedo e ect by
widespread clouds which cause cooling during the day and warming during the night. However,
when both e ects are taken into account and added, the nett e ect is warming [48]. What is
also clear from Figure 3.1 is that there is a di erence between complete combustion products
and the actual combustion products. Expulsion of carbon monoxide, hydrocarbons, soot and
nitrous oxides are the result of incomplete combustion which add to the warming e ects with
respect to the ideal case. It can be seen that one-to-one relations are di cult to establish
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Figure 3.1: Overview of aviation emissions and their impact on climate change and damages [50]

between direct emissions and climate change. Atmospheric processes, chemical reactions and
microphysical processes need to be considered before an estimate of the change in radiative
forcing can be made. Translation to climate change and even potential impacts and damages
are not straight forward. This makes it di cult to quantify the "cost" of direct emissions, how-

ever some e orts have been made to create a common measure for climate impact. Section 3.4
covers these in more detail.

Given that aircraft have been around for little over 100 years, their impact on the environment
has only been signi cant during the past decades. What is clear however from Figure 3.2 is
that the industry is growing very fast. Since the 1970s the number of passengers transported
worldwide has increased a factor ten and the total freight moved by aircraft shows a similar
growth. This is paired by an increase in fuel consumption and emissions albeit less than the
growth in pax due to increased e ciency. The 2016 annual review by IATA mentions that
the the industry is trying to decouple the the growth in tra ¢ from the increase in emissions.

In order to do so it has committed to three targets. The rst is a nett annual improvement
of 1.5% in fuel e ciency until 2020. From 2020 onwards any new growth needs to be carbon
neutral and nally, by 2050 the nett emissions need to be half of what they were in 2005 [51].
It seems evident that given that an average airliner has a lifespan in the order of 30 years [52]
(dependent on many factors), innovations in new aircraft alone cannot is not su cient to meet
these goals.

Environmental impact mitigation measures can be occur in three categories. First, they can be
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Figure 3.2: Worldwide annual number of scheduled pax [53, 54, 55, 56]

forced by a regulatory body such as a (local) government or organization that has the power

to push certain rules, policies or measures. Abiding these is obviously not done on a volun-
tary basis. The second category consists of economic measures. Examples are taxes, subsidies
and other measures that give a nancial incentive to act in a way that reduces climate impact.
There are already many states that put heavy taxes on fuel, ticket prices and subsidies on other
technologies. Also conditional tax exemptions based on KPI's or even nes are applied to in-
centivize airlines nancially. The nal category contains voluntary measures. These include

the participation to environmental research or voluntary agreement to meet certain targets.

Of course implementation and enforcement of these can vary widely.

One of the ways of enforcing measures that improve the environmental impact of aviation is
by standards, policies and principles by International Civil Aviation Organization (ICAO). It
has rules covering aircraft emissions, fuel taxation and even charging principles that are rel-
evant in an environmental context [46]. Many of these rules are overseen by Committee on
Aviation Environmental Protection (CAEP) which examines them and researches what can
be changed to improve from an technical, economic and environmental point of view [46]. In
addition to that, improvements in engine and Communication, Navigation and Surveillance
(CNS) technology enables airlines to become more (fuel) e cient with obvious environmental
bene ts. This e ect is enhanced by globalization and opening up of markets in an already very
competitive sector. Of course mitigation starts with knowing who emits how much. A major
point of discussion in aircraft related emissions is how to allocate emissions between parties.
The international character and large number of parties involved makes it di cult to allocate
emissions to speci ¢ states, rms or individuals.

The Kyoto Protocol sets targets for states to meet by certain periods. If it does not meet
these targets, the the United Nations (UN) can sanction the state in various ways. As of 2012
the European Union has included emissions of aviation in their so-called Emissions Trading
System (ETS) [57]. This system works by allowing participants to buy and sell the rights to
emit greenhouse gasses like carbon dioxide [58]. They are given a certain amount of expulsion
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rights for a certain period. If at any point emissions rights are left unused they can be sold to
others that do not meet their target. By introducing a clear nancial incentive the European
Union aims to accelerate the reduction of emissions of anthropogenic greenhouse gases. It was
shown that for low (5 euro per ton CQ) to moderate (20 euro per ton CQ) carbon emission
prices, the macroeconomic impact of including aviation in this system is negligible [59]. The
high price scenario (40 euro per ton C§) predicts additional 0.2% growth by 2020. When
looking at the actual trading price it can be seen that even the moderate scenario overestimates
the price by a factor two. The actual price has not been over 10 euro per ton @@®ince the
beginning of 2012 and is currently around 5, which corresponds to the low scenario. In terms
of carbon dioxide, emissions reduction for the low price scenario were found to be in the range
of 0.3-0.5%, whereas the medium price lead to 4.0-6.3% reduction and the high price even
7.0-11.0% [59]. Low cost and regional airlines are predicted to be impacted more signi cantly
than network carriers due to the di erence in their business model, however given their above
average margins they should remain pro table [49].

3.2 Contrails and global warming

This section provides insight into how exactly contrails contribute to climate change. Clouds,
contrails as well as airborne water droplets in general contribute both in a positive and negative
way to global warming. This has to do with the fact that during the day the surface of the
earth is warmed by the sun. Because of this heat, the earth also radiates energy out to space
which in turn causes it to cool. During the day more energy is absorbed than emitted and the
reverse is true at night. Clouds and contrails change these ratios by re ecting part of the solar
energy back during the day through the albedo e ect. During the night they also re ect part of
the radiative energy from the surface and keep it from advancing into space. If the two e ects
are integrated over time the warming e ect has the upper hand [33, 60]. It was shown that,
even though the e ect was initially overestimated, contrails have the largest e ect in terms of
radiative forcing of all aviation related components [61].

Of course the re ective properties of very thin contrails are di erent from thicker ones. The
contribution of a certain gas to the energy budget of the earth is usually compared through
radiative forcing. Positive radiative forcing leads to warming and negative radiative forcing
causes cooling and is usually expressed in watts per square me;\ﬁ;)( Research shows that
there are a number of factors that a ect the in uence contrails have on the earth's energy
budget. According to Meerkotter, the radiative forcing of contrails is mainly determined by
product of the coverage area of the contrail and the optical depth [62]. Optical depths of 0.2
to 0.7 are commonly used for contrails, however models are rather sensitive to this parameter.
Femming showed that a detection threshold of 0.05 instead of 0.02 in the model yields a 146%
increase of global mean contrail radiative forcing [63]. Of course it is di cult to estimate the
mean optical depth as it varies through the cross section of the contrail and evolves over time
as it dissipates or spreads. Probabilistic approaches including Gaussian distributions are often
used to achieve a mean depth that models can work with. In addition to the size and optical
depth, also the local radiative properties are important to consider. As one can imagine the
time of day, surrounding natural clouds and location on the globe all in uence the properties
and quantity of energy that passes through the contrails. Espinoza published a review paper
concerning parametrization of radiative properties of cloud layers [64]. Parametrizations have
also been developed by Schumann [10].
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Estimates for radiative forcing by contrails span a wide range. According to Minnis the global
mean for line shaped contrails is 0.02 W/fin 1992 and 0.1 W/n? in 2050 [60]. Minnis nds

a global mean of 0.006{0.025 W/rfi [65]. When looking at the spectrum of radiation it can
be seen that contrails have negative forcing for shortwave radiation but larger positive forcing
for long waves [62]. The IPCC reported in 1999 that the mean radiative forcing by aviation
emissions is approximately 0.05 W/rfin 1992 [46], however the 2005 update on this reduces
the e ects of contrails and brings the new total to 0.048 W/t for 2000 [47]. Lee shows a
global mean forcing of 0.023{0.087 W/rhin 2005 [50]. It should be noted that these estimates
do not include aviation induced cirrus clouds, but only contrails. According to Burkhardt this
contrail induced cloudiness is the single largest contributor to aviation related radiative forcing.
Taking into account natural cloud feedback he estimates radiative forcing by global contrail
induced cloudiness to be 0.031 W/f[66]. Marquart estimates an increase in global mean
radiative forcing due to contrails increasing from approximately 0.01 W/rhin 2015 to 0.015
in 2050 [34]. Meerketter shows that radiative forcing increases with optical depth and area of
coverage [62]. Instead of computing a global mean he determines the radiative forcing for an
area covered by contrails to be in the range of 10-30 WArusing an optical depth of 0.2-0.7.
Using a global contrail coverage of 0.1% this gives a global mean of 0.01-0.03 Winhich is
comparable to previous estimates. According to Stuber, the majority of forcing comes from
night and winter ights. Night ights which represent 25% of tra ¢ contribute to 60-80% of
radiative forcing and the 22% of ights that y during winter contribute to half of the forcing
[67].

3.3 Contrail environmental impact studies

Previous contrail mitigation studies have investigated a number of strategies. They need to be
e ective in preventing climate change as much as possible as well as abiding safety, feasibility
and cost constraints [50]. Overall it is clear that technology or di erent fuel (additives) are
not a feasible mitigation option. Operational avoidance is seen as the best option in reducing
contrail climate e ects [50]. This section gives a quick overview on the strategies that were
investigated and their main conclusions.

A review on contrail avoidance strategies was published in 2008 [61]. As described in Chapter 2
the conditions under which contrails form are dependent on the thermodynamics and atmo-
spheric conditions during mixing of exhaust gasses. Gierens concludes that technical measures
are only feasible if they can either decrease the water vapor emission index {.0), decrease
the overall propulsive e ciency ( ) or increase the speci c combustion heat of the fuely) [61].
One way of changing these values is by changing the fuel that is used. According to the IPCC
only liquid hydrogen and methane as possible alternative to kerosene, however they would both
lead to more contrails rather than less given theiEl 20 and Q values. Another strategy could

be to add certain chemicals to the fuel to suppress contrail formation. An example would be an
additive that coats the exhaust particles in a hydrophobic coating which counteracts conden-
sation nuclei. Gierens showed that fuel additives are not a viable option for contrail mitigation
due to their relatively small in uence on the Schmidt-Appleman criterion [68]. They could
however contribute to reducing the optical depth to some extent. A major contributor to the
inability of technology to help mitigate contrails is the ever increasing propulsive e ciency of
jet aircraft [21]. Overall, future engine technology is likely to only increase contrails.
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Generally, operational strategies seem to give much more promising results than the previously
mentioned ones. Since contrails require relatively cold and humid air (like often seen in ISSRs)
aircraft can prevent contrails from forming by simply avoiding air that has these properties.
Implementation of such avoidance strategies depends heavily on the shape and locations of
ISSRs, which are reported as at and widespread [69, 5], similar to the shape of a pancake.
The thickness is typically around 200-500 meters [69]. Over 80% of ISSRs have a thickness less
than 1500 meters and about 30% are less than 100 meters thick [70]. The horizontal size is
more di cult to measure, however by measuring the length of the path of ights that traverse
these areas an estimate can be made. Gierens shows that the average path is 150-250 kilome-
ters in length [71] indicating that the horizontal dimension is much larger than the horizontal
one. Other research generally con rms this.

Given the shape and size of areas that are prone to contrails it should come as no surprise that
changing altitude is an often proposed strategy. This comes in three basic variations, namely
global altitude restrictions, local and temporal altitude restrictions and changes to the altitude

of individual ights [21]. In the rst category Fichter showed an almost linear relation between
lowering cruise altitude and contrail reduction [35]. Contrails were found to decrease by 1%
with every 133ft (40m) altitude reduction until 6000 ft (1830m) with a reduction of 45%. A
2000ft (610 m) rise was found to increase contrails by 6%. Williams investigated a monthly
revision of the maximum ight level above Central Europe. The study suggests an increase
of 4% fuel consumption as a consequence and increased air tra ¢ controller workload [45].
Flight times were not signi cantly impacted in most cases. Williams shows that an overall
cruise altitude decrease over the US and North-Atlantic would likely not counteract the cor-
responding increased C®emissions [72]. Mannstein shows that it is more e ective to change
altitude once an ISSR is encountered compared to general altitude changes [5]. As can be seen
in Figure 3.3 the probability of creating contrails could potentially be decreased by over 80%
using less than 2000ft (610m) altitude changes if there is information on the ISSR geometry
available and over 50% in case there is none. Soler con rms the e ectiveness of altitude changes
by showing increased fuel consumption in the order of 3% when taking into account contrail
cost compared to purely operational cost optimization [6]. Flights between 12 city pairs in the
United States were found to be able to reduce the time they y through contrail prone regions
by 70% at the expense of 2% additional fuel burn [7]. Klima shows that at the expense of -10
to 5 % of operating cost approximately 45-75% of contrails could be mitigated [8]. In case of
a custom reroute that minimizes fuel 55-85% of contrails could be mitigated at the expense
of 0.5-1.0% increased ight time and 2.5-3.5% increased fuel burn. Campbell shows a contrail
decrease of 50% at 1.48% additional fuel burn and 100% at 6.19% increased fuel consumption
[9]. Hendriks shows that 90% of contrails can be mitigated at less than 1.5% increased fuel
consumption [1].

What remains however is a practical strategy that airlines can implement. Flight planning
and operational constraints are hardly ever considered. Even though studies show great po-
tential they are based on speci c situations and often impractical assumptions, not even to
mention operational considerations (e.g. neglecting Air Tra ¢ Control or airspace structure).
Actual ight planning algorithms in combination with an altitude change strategy for contrail
mitigation are the missing link to estimating practical implications.
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Figure 3.3: Probability of ying in ISSR after various altitude change policies [5]

3.4 Metrics of climate impact

This section covers various metrics that can be used to estimate and draw conclusions on climate
impact. There are many ways of looking at a complex system like the Earth's atmosphere
and even more ways of trying to quantify the impact of contrails and other aviation related
phenomena. One could simply consider the physical metrics that can be evaluated by measuring
(e.g. CO, released) or use more elaborate physical model based metrics. Moreover, metrics that
assess softer criteria such as economic impact and thus more di cult to objectively quantify
are also proposed. As there is something to say for all methods, picking a metric is often a
matter of choice. The overview given here should make the choice easier and more informed
by making the reader aware of some of the strengths and weaknesses of these metrics. This
chapter will cover both methods that can be used in a ight planning algorithm as well as
metrics that might be di cult to use in practice but have an interesting angle on evaluation

of human induced climate change. It should be noted that there are also metrics that are not
described here for practical reasons. The metrics that are however discussed in Section 3.4 are
listed below [50, 73].

Radiative forcing
" CO; equivalent

" Global Warming Potential (GWP)

~ Global Temperature (Change) Potential (GTP)
~ Mean Global Temperature Potential (MGTP)

" Global Damage Potential (GDP)

Monetary cost

" Wellfare
Radiative forcing is the measure used by the IPCC [46] and many others [50]. As mentioned
it measures a gas' ability to in uence the energy balance of the atmosphere. In other words, it

determines how much energy from the sun is absorbed and how much is radiated out from the
earth to space. It is arguable the most direct way of comparing the e ect of di erent emissions
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on the climate. It is clear that for aviation this metric is desirable as emissions are in gaseous
form and through radiative forcing can be compared with relative ease. For other applications
however (e.g. deforestation) it is much more di cult to use. Radiative forcing does not include
thermal inertia of the system.

CO; equivalent is another way to create a common measure of emission. When looking at
Figure 3.1 it can be seen that in this case direct emissions and radiative forcing components
are translated to one of the primary direct emissions. Given the focus on this gas in global
warming discussions to many it "feels" like an appropriate metric. It should be noted that
there are some di culties translating between quantities as with most metrics. By choosing a
metric that requires both the relation between CQ@ and climate impact and the subject it is
compared to with respect to climate change, one essentially introduces a double potential error.
Based on the current or historic price for CQ emissions as listed for the Emissions Trading
System the quantity of gas can be transformed to a monetary value. The cost of emissions in
monetary units are also a possible metric. It should be noted that a transformation from GO
equivalent is only one of many ways. The cost as given in the ETS is supposed to represent
a measure of societal cost, however the question remains whether this is actually the case.
Price have ranged from 1 euro per ton COin March 2007 to almost 30 in July 2008 and are
currently around 5.

Global Warming Potential (GWP) was adapted from the IPCC's second assessment by the
Kyoto Protocol as a way of comparing the climate e ect of di erent gasses [74]. The formal
de nition is that GWP is the cumulative of the radiative forcing between the moment of eval-
uation and a chosen time horizon caused by the emission of a unit of gas now, compared to
that of a reference gas [75]. The Kyoto Protocol typically used CQCas a reference gas. The
key element here is the time horizon. Typically 100 years is used however other horizons have
been used as well (e.g. 20, 200 or 500 years) with sometimes considerably di erent implications
for policy makers. It should be noted that compared to GTP and MGTP, Global Warming
Potential uses radiative forcing as a proxy, whereas the others use temperature change which
is much more di cult to predict [73].

Global Temperature (Change) Potential (GTP) was proposed as an alternative to GWP be-
cause the latter does not re ect the e ect of emissions on global temperature nor does it relate
to damages caused by them [76]. When looking at Figure 3.1 the relevance of impact increases
as one moves down from direct emissions to damages. Therefore there was a desire for a metric
that was more "relevant”. This however also implies an increase in the required model com-
plexity and dependency on assumptions. GTP exists in two forms, namely as the temperature
change due to a pulse emission of gas and as a measure of the e ect of a sustained emission [76].
The distinction is often indicated using a subscript GT P, and GT Ps). Instead of focusing on

the cause of global warming it looks at the e ect; temperature increases [50]. It does so by
estimating the in uence of emissions by combining the change in radiative forcing RF ), the

heat capacity of the system C) and a climate sensitivity parameter () on the mean surface
temperature ( T). The formal solution of the GTP can be seen in Equation (3.1) [76]. Just
like GWP it requires a prede ned time horizon over which emissions are evaluated.

Zy 0

! RF (t%exp % dt° (3.1)

T(t) = c o
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Mean Global Temperature Potential (MGTP) was introduced by Gillett as an alternative to
GWP and GTP [77]. In essence it is simply the time integrated version of the GTP. The
main advantage is that MGTP changes much less strongly for di erent time horizons. This of
course makes it easier to compare di erent horizons. It was shown that the ratio of MGTP
between CH, or N,O to CO, over 100 years is very similar to the ratio of the temperature
responses [77]. Compared to GTP which puts relatively strong emphasis on initial emissions,
MGTP divides weighting of impact much smoother [73]. This implies that the latter puts less
emphasis on relatively temporary phenomena such as contrails and more on long term e ects
like increased CQ levels.

Global Damage Potential (GDP), also referred to as Economic Damage Index (EDI) is a socio-
economic metric [78]. This means that rather than looking at climate change at a physics
level it goes all the way to the bottom level of Figure 3.1 and aims to quantify the social and
economic damage caused by emissions. In essence it is the sum of discounted future economic
damages. It is clear that the relation between these damages and the emission of a unit of
greenhouse gasses is di cult to establish. This means that compared to the previous metrics,

it shows a high level of uncertainty and dependency on assumptions. Therefore and due to the
fact that the previously mentioned metrics are much more widely used it seems unlikely that
GDP is a suitable metric for trajectory optimization algorithms that include contrail mitigation
objectives.

The nal two metrics that are discusses are monetary cost and welfare. As one can imagine
these are di cult to quantify and therefore not likely to be used in trajectory optimization.
Even though the translation of CQ equivalents through the ETS seems inviting, prices are not
stable enough for long term predictions. If an accurate model was available it would be more
desirable to be able to express the impact of emissions in terms of nancial cost or wellfare.
These metrics are the most relevant and may even create an increased sense of urgency but
the reality of their widespread use seems far away.
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Chapter 4

Flight Planning

Chapter 4 aims to describe the practical side of implementing trajectory optimization methods

in a real life scenario. Airlines make use of ight planning to do so. Section 4.1 introduces
some key concepts and rules and regulations as well as describing the process of planning a
ight. Section 4.2 gives an overview of key players in the business of ight planning.

4.1 Modelling ight planning

Flying a commercial aircraft is not like driving a car. The pilot does not have full autonomy
in deciding when and how to y, nor does he decide how much fuel is necessary to get to the
destination. Instead, a ight plan has to be submitted before each ight, specifying details
about it like aircraft type, the estimated weight and time at a set of waypoints from departure
to arrival, potential alternative landing sites etc. This document needs to be approved by the
aviation authorities before departure. For the US this is the FAA. For ights into, around or
out of Europe the ight plan needs to be submitted to Eurocontrol.

There are a number of parties involved with the ight planning process and subsequent ight
execution. The most relevant parties that bear responsibilities and that have in uence on key
ight parameters are the following:

Airlines - Plan ights, submit ight plan and subsequently execute ights. Generate
optimal path based on fuel and time (and environmental) cost while respecting practical
constraints as much as possible

Airports - Facilitate ground support and CNS equipment including ILS and lighting
systems. Need to approve take-o and landing rights of in- and outbound ights

Air trac control - Control air trac in a specic three dimensional area. Ensures
separation and e cient movement of aircraft under their responsibility. May refuse or
delay ights or alter path in case of overloading

Aviation authorities - Are the regulator of the aviation industry. Set and maintain stan-
dards, rules and regulations and enforce them to guarantee mainly safety as well as
fairness, security and environmental improvement. Need to approve ight plan before
execution

Flights follow a certain procedure from takeo to landing. The most basic phases of any com-
mercial ight is takeo - climb - cruise - descent - touch down. The typical ight phases as
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4. Flight Planning

described by Belobaba [79] can be seen in Figure 4.1. It should be noted that most research
in contrail avoidance is concerned with situations similar to the cruise phase (high speed,
horizontal, high altitude ight). For ight planning it is important to know exactly how the
three dimensional routes that commercial aircraft y are generated. Some airports only have
a single runway, however others may have multiple. Amsterdam Airport Schiphol for example
has six runways whose use is dependent on various conditions. As a consequence during ight
planning it may not be certain what runway ights will use. After takeo, ights will have

to follow a departure procedure named Standard Instrument Departure (SID). The SID is a
standard route that describes the aircraft path from the end of the runway to a waypoint
from which it can continue the intended path, usually via an airway. Waypoints are three
dimensional locations that are historically based on the location of a navigational aid such as
a VOR or NDB. Waypoints are often used as the intersections between highways in the sky.
They connect airways through which aircraft nd their way from one air eld to another. From
the moment the aircraft exits the SID the route is de ned from waypoint to waypoint. These
are prede ned and are indicated using a 5 letter code. In case there is no airway connecting
them it is possible to y directly between them using the indication DCT in the ight plan.
Otherwise the airway name would be used. In case no suitable waypoint is available it is also
possible to manually pick a location and include it in the ight plan by using its latitude and
longitude (e.g. 51N2959 003E3715 which is in Middelburg, Netherlands). In any case, the
location of each waypoint is included in the ight plan. An example route from Schiphol to
Gatwick could routed as such: EHAM EH195 GORLO! RATLO! DET10! EGKK.
This includes both airways and non-airway (DCT) connections. Figure 4.3 shows an example
airway structure above Brazil. The ground track is created from of a combination of airways
and waypoints as can be seen in this gure. At each waypoint the estimated distance, time
and fuel consumption is given along with their cumulative values (or remaining in case of fuel).
When the aircraft is getting relatively close to the arrival airport it will follow another pre-

de ned path from the nal waypoint to touchdown called Standard Terminal Arrival Route
(STAR). An example completed ight plan is shown in Figure 4.2.

The ight planning software uses a set of inputs to generate a path that is both feasible and
optimal with respect to fuel and time cost. It does so by generating a route that minimizes di-
rect variable operating cost including fuel cost, navigation charges, variable crew cost, variable
maintenance costs, airport charges and delay costs [80]. A feasible path determined by the
available waypoints and airways between them and SID and STAR of origin and destination
airport. Using aircraft performance parameters, air tra ¢ control requirements and other op-
erational and practical constraints the ight plan is generated and submitted. After approval
the pilot uses it to execute the ight.

4.2 Current tools

Given the legal requirement of ling a ight plan and the potential bene ts of optimizing
routes, airlines make extensive use of ight planning software. This is either developed in-
ternally or by specialized rms who provide the software or service. Due to the investment
involved with developing such software, not much information is available about the internally
developed packages. It is however clear that airlines have a choice between a set of externally
developed packages if they are willing to pay for it. Provided in Table 4.1 is a list of systems
that larger airlines use [83].
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4.2. Current tools

Figure 4.1: Typical ight phases [79]

Figure 4.2: Example ight plan [81]
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4. Flight Planning

Figure 4.3: Example airway structure above Brazil [82]

Table 4.1: Overview of selected ight planning software

Name Company Client airlines
AirCentre FLight Plan Manager Sabre Airline Solutions 18+
AIRCOM FLightPlanner SITAONAIR 2+
AirPlan4 AirData 4+
CTO Flight Planning Skyplan n.a.
FLightkeys 5D Flightkeys n.a.
Jeppesen Dispatch Control Jeppesen n.a.
JetPlanner Jeppesen 4+
Lido/Flight 4D Lufthansa Systems 120+
N-Flight Planning NAVBLUE 10+
NOTAM ltering (YOUNOTAM) ACFTPERFO n.a.

PPS - Pre ight Planning System  Air Support 8+
Smart NOTAM MANAGER Smart4Aviation n.a.
SOAP Development Jeppesen n.a.
WSI Fusion WSI Corporation n.a.

As can be seen in Table 4.1 one of the most widely used tools for ight planning is Lido/Flight
4D, currently in use by over 120 airlines worldwide including KLM, Air France, China Southern,
Emirates, Norwegian Air Shuttle and Wizz Air [83]. It was developed by Lufthansa Systems
GmbH and supports the dispatch process of the airline using it. It does so by taking into
account air tra c, air spaces, weather and aircraft performance parameters and generates an
optimized ight route for each individual ight. It provides dispatchers with options for mini-
mizing fuel, ight time or (operating) cost of the ight. Unfortunately not much information

is publicly available about the methods and data Lido/Flight 4D uses. Just like other ight
planning tools it uses public data like the Aeronautical Information Publication (AIP) and
Route Availability Document (RAD) as well as information concerning SIDs and STARs. For
aircraft performance it could use BADA data which is often used for this purpose, although
this cannot be con rmed from public data. Further investigation is required for scienti ¢ tools
in contrail mitigation studies to accurately emulate commercial tools.
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Chapter 5

Model Development

The ight plan is as generated and simulated in this thesis consists of a set of scripts. The var-
ious functions and sequence are explained in this chapter. Together these form a model which
is veri ed as presented in Chapter 6. Scenarios that are evaluated are presented in Chapter 7.
Results obtained from these various simulations are elaborated on in Chapter 8.

The model can be divided into several subjects that each need to be solved for a ight plan
to emerge. Given the complexity of the problem and dependency of current ideal state on
many previous and future parameters there is a need for simpli cation. Section 5.1 describes
the general approach through which the ight plan and simulation is achieved. The equations
of motion used herein are introduced in Section 5.2. The decision has been made to initially
separate the ight plan in 1) a ground track which nds a sequence of navigational aids that
dictate the path of the aircraft over the surface and 2) a ight pro le that describes the velocity
and altitude of the aircraft at a given mass along the ground track. These are described in
Section 5.3 and used to form an integrated 4-D ight plan. It should be noted that the rst
two stages generate what is the input for the ideal ght path, however actual simulation of
the entire ight does not occur until integration takes place. Of course the ight plan would
not be useful in a realistic scenario if it relied on a standard atmosphere rather than actual
realistic atmospheric data. Section 5.4 elaborates on the incorporation of humerical weather
predictions in the model. Given that the objective of this thesis is to determine the potential
of contrail mitigation in a ight planning setting there is an obvious need to assess whether
contrails occur under given conditions. Section 5.5 describes the contrail prediction module in
more detail. Finally, contrail mitigation in both ground track and velocity-altitude pro le is
achieved by identifying contrails along the track and avoiding areas where they form. Mitiga-
tion processes for these are presented in Sections 5.6 and 5.7.

In summary, the subjects that make up the contrail mitigating ight planning model are
discussed in this chapter. It starts with the approach and equations of motion after which each
sub-process is elaborated on. Atmospheric data, contrail prediction and mitigation action are
nally described.

5.1 Approach

As mentioned, due to the complexity of modelling high delity aircraft trajectories and de-
pendencies on previous and future states some simpli cation is required. This is done by rst
generating a ground track, after which simulation of a ight along pre-processed optimal cruise
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5. Model Development

Figure 5.1: Schematic representation of ight planning algorithm

altitude and velocity yields the nal trajectory. The ight is simulated backwards due to the

fact that the landing weight is known whereas the take-o weight depends on how much fuel is
required for a certain ight. Mitigating contrails along the way is possible at two moments in

the planning algorithm. The rstis during determination of the ground track. By including the
contrail distance along each edge a ground track can be found to go around contrail areas. The
second moment is after simulation of the non-mitigated ight by modifying the altitude pro le

for regions where contrails will form. A schematic overview of the ight planning algorithm
can be found in Figure 5.1. Here, all elements including input, initial state, nal state and
sequence of the processes that the algorithm goes through can be found. Sections 5.3 to 5.7
describe the component parts of the process in more detail.

5.2 Equations of motion

To model the aircraft behaviour a two dimensional point mass model was used. The point mass
model that was selected is fairly customary in aircraft performance modelling. Also, because
control and stability issues are outside the scope of this thesis and the computational e ort
they require, higher dimensional models are disregarded. Moreover, the aircraft spends very
little time banking compared to the time it spends with its wings level. The bank angle is
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5.3. Initial ight plan and simulation

Figure 5.2: Free body diagram of forces acting on point mass and resulting acceleration

therefore disregarded in the point mass model which e ectively changes it from three dimen-
sional to two dimensional. A free body diagram of the forces acting on the point mass can be
found in Figure 5.2.

The free body diagram in Figure 5.2 shows the forces acting on the point mass model and
resulting acceleration. From this, the equations of motion can be derived as shown in Equa-
tions (5.1) to (5.4).

x=V cos (5.1)
h= V sin ; (5.2)
T D :
L= - + g sin (5.3)
_ L g cos
= W+ v (5.4)

The previous equations of motion are used to simulate the ight in climb, cruise and descent
phase. However, due to ATC restrictions commercial jet aircraft are not allowed to follow
a continuous climb prole during cruise. Instead, a combination of horizontal cruise and
step climbs are used to approximate the optimal altitude pro le as closely as possible. As a
consequence of this the cruise phase simulation can be simpli ed even further. Due to the
steady horizontal ight conditions that nearly the entire ight consists of, in this phase the
ight path angle ( ) is assumed to be 0. This implies that the total lift is equal to the weight
of the aircraft and the thrust is equal to the drag. As described in Section 5.3.2 the required
thrust during the steps is adjusted to achieve a target climb rate.

5.3 Initial ight plan and simulation

As mentioned in Section 5.1 and shown in Figure 5.1 the sequence that the ight planning
algorithm follows is rst generating a ground track and subsequently simulating a ight along
a pre-processed optimal altitude and velocity pro le. This section describes how both ground
track and optimal conditions pro le are generated as well as brie y describing the aerodynamic
and engine model.
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5. Model Development

Figure 5.3: Upper ATS routes above the UK and Netherlands

5.3.1 Ground track determination

One of the factors that di erentiates this thesis with respect to previous work is the degree of
realism involved in creating the ight plan. Abiding existing airspace structure where possible

in that respect adds greatly to the realism of the output. Given that this research focuses on
transatlantic ight between the Netherlands and the US and Canada, there are some obvious
regions such as in European airspace and above the North-East US where commercial air tra ¢
is bound to a set of airways between navigational aids and xes. Some areas however are less
restrictive in horizontal and vertical havigation and allow airlines and ight crew to select their

ight path more freely.

Tra ¢ in European airspace is assisted and/or monitored by a regional Air Navigation Service
Provider (ANSP) at lower altitudes or by Eurocontrol at higher altitude. In the Nether-
lands this is Luchtverkeersleiding Nederland (LVNL) and in the UK this is the Civil Aviation
Authority (CAA). Each of these ANSPs provides a set of documents that describe relevant
requirements, procedures and other information that pilots need to be aware of when ying in
their airspace. Both make an Aeronautical Information Publication (AIP) publicly available in
which airways that commercial airliners similar to those used in this thesis use, are described.
More speci cally, for cruise conditions it is assumed that aircraft above European airspace
abide airways known as "Upper ATS routes”. These routes are described in detail in both
AlPs under sectionENR 3.2 UPPER ATS ROUTES. Figure 5.3 shows the airways considered
on the European side of the Atlantic Ocean.

Flights in airspace belonging to the US are monitored by the Federal Aviation Administration
(FAA). Just like the European ANSPs it also provides an AIP. Figure 5.4 shows the airways
considered in US airspace.

Flights that cross the Atlantic Ocean from Europe to the US and vice versa encounter long
periods of time in which Communication, Navigation and Surveillance (CNS) is more di cult
due to the distance from land based communication stations and navaids. This increased un-
certainty in both the own position and that of other nearby aircraft gave, in combination with
the desire to keep airborne aircraft at a safe distance from each other, rise to the North At-
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5.3. Initial ight plan and simulation

Figure 5.4: Upper ATS routes above North-Eastern United States

lantic Organized Track System (NAT-OTS). This system is aimed to ensure separation along
the Atlantic crossing without the need for additional equipment. It does so by setting a num-
ber of ground tracks that de ne the track along which ghts are allowed to cross the Atlantic
Ocean. Approximately ve to eight separate tracks are published daily for both eastbound
and westbound tra c. These publications also state which ight levels are permitted on each
track. Finally, a velocity constraint in combination with su cient temporal separation between
ights that enter the same track ensures separation. It is important to note that with every
advancement in CNS technology these tracks become less necessary and therefore over con-
straining of ights. Some claim that current technology no longer requires the NAT-OTS for
adequate separation. It is therefore expected that in the near future, this system will become
obsolete and free ight (to a certain extent) is allowed across the Atlantic Ocean.

As mentioned, the NATs are published daily by Shanwick Center (EGGX) and Gander Center
(CZQX). These messages are formatted in such a way that ight crew and their equipment can
easily read and use them. A database was composed containing all NATs dating January 27th,
2016 to January 27th, 2017. From this database, either a single track can be selected as input
for the ight plan or the complete set of xes used on any NAT in this period is used as a basis
for transatlantic (semi-) free ight. These xes create a grid between which virtual airways are
de ned. Since the majority of the xes are arranged on north-south lines, it is assumed that
westbound ights have a heading between 180 and 360 degrees (positive westward component
at all times) and similarly for eastbound tra c. The resulting network gives enough freedom

to ensure that every realistic option is possible while highly unrealistic scenarios, such as ying
directly over a x without it being part of the track, are avoided. As a rule, segments that
respect the NAT perimeter, stay within a reasonable margin of the nominal ght direction and
do not skip obvious xes along the way are considered feasible.
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For many westbound NATs the ground track is followed by so called North American Route
(NAR)s. These routes are an extension from the nal x of the NAT towards the North-
American continental route system. Often a few NARs are listed as options which can be
selected depending on ATC and airline preference. Descriptions of the NARs are provided by
the FAA and processed. The database that was composed for the previously mentioned NATs
is supplemented with the NAR routes and waypoints and similarly converted to a network of
nodes and airways between them.

The NAT-OTS is only used in case ights cross the North Atlantic Ocean and through this
leave the proximity of adequate ground based CNS equipment. Some transatlantic destinations
that take a route closer to the North Pole therefore do not use the NATs. It should at this
point be noted that although Canada does provide air navigation services including guidance
and distribution of required publications, airways are much more sparsely located and ights
are allowed much more freedom in their trajectory. In addition to that, Canada's ANSP (NAV
CANADA) is a privately run corporation that does not provide public access to their publica-
tions but instead requires the purchase of these documents. To allow for the simulation of such
ights, including to additional destinations halfway across the US-Canadian border (Winnipeg)
and on the west coast (Vancouver) a set of xes needs to be added. Careful consideration was
taken of the route commercial air tra ¢ uses to get from European origins to destinations in
the Vancouver/Seattle area and vice versa. While applying a large margin of error around
this area, a grid was created that allows the simulation of ights to Winnipeg and Vancouver.
The grid was constructed by inserting virtual xes on latitude-longitude intersections such as
the 70 N and 40 W intersection. The grid expansion stretches from just north of the UK to
Vancouver at 123W and as high as 80N. This allows the freedom that is required to explore
potential contrail mitigation strategies, yet keeps computation time within practical limits. In
the east-west direction NAT xes are generally separated by 5 This separation is also used for
the additional xed to the north of the NAT system and in Canadian airspace. In the north-
south direction the resolution is much higher at 0.5in the center of NAT regions and 1 closer

to the north and south boundaries. The resolution of 1was adopted for the additional xes
as well. By creating this additional grid on latitude-longitude intersections north of the NAT
area and across Canadian airspace the missing AIP for these regions is replaced. Given the
mentioned properties of the airspace it occupies and trajectories of commercial ights through
it, it can be assumed that the grid provides su cient exibility and coverage to realistically
model trajectories in this region. In short, Canada does not provide public maps so a grid was
created to substitute it.

From the previous paragraphs it is clear that a network of airways is constructed that spans
Western Europe and the North-Eastern US as well as across the North-Atlantic and Canada.
What remains is to add the connecting edges between US and European airways and the grid
created between them that spans the Atlantic Ocean. Similarly to the creation of the North
Atlantic grid, as a rule of thumb segments that respect the area perimeter, stay within a rea-
sonable margin of the nominal ght direction and do not skip obvious xes along the way are
considered feasible and added to the network. Figure 5.5 shows the nal combined network

topology.

As explained, a network of nodes and edges was constructed through which a ground track
is found. This ground track is the basis over which an altitude and velocity pro le is laid to
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5.3. Initial ight plan and simulation

Figure 5.5: Complete Europe to United States network topology used for simulation

form a 4D trajectory. Before going into more detail how the edges in the network are weighed,
it is important to note a few core properties that help determine which algorithms could be
used to nd the ground track. First, these edges are non-uniform. In a square grid where only
up, down, left and right connections are allowed, each one has the same length. Given the
topology of the airways and xes, in combination with wind and other condition dependent
variables this is not the case here. Second, assuming the aircraft never encounters wind speeds
higher than its own airspeed, there are no negative edge weights. Based on this, it can also
be concluded that there are no negative loops in the network. Third, the network has both
bi- and unidirectional edges as some airways allow tra c in both directions and others do not.
Given this network topology, cycles are possible though as mentioned they are never negative.
Listed is a set of path nding algorithms. It should be noted that this is not an exhaustive list

of every known path nding algorithm, but rather a shortlist of potential solution strategies

to the problem to be solved.

A~

Dijkstra

A

A*, fringe search, IDA*
~ B

Bellman-Ford

" Floyd{Warshall
Johnson's

Breadth- rst search

Depth- rst search

One of the most well known algorithms is Dijkstra's. It was conceived by Edsger W. Dijkstra

in 1956 and has since been used on an enormous range of path nding problems. It has been
further developed for specialized cases, some of which variants have been given separate names
such as A*. In general, Dijkstra's algorithm is one of the most reliable solution algorithms for
arbitrary directed graphs with unbounded non-negative weights. This reliability and extensive
documentation and validation in literature makes it a attractive option. Even though faster
algorithms may exist, greedy, depth-rst and other strongly steering strategies may fail to
examine parts of the solution space, which decreases their reliability. After testing the input
network using Dijkstra's algorithm, it is obvious that time constraints for the 2D network is
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not an issue. Solutions spanning from the Netherlands to Vancouver take in the order of 0.05
to 0.1 second to generate. Application in the setting of this thesis does not require faster
algorithms. Therefore its reliability and extensive validation in literature is the leading reason
for selecting Dijkstra's algorithm for nding the optimal ground track.

Dijkstra's algorithm works by keeping track of a number of lists and sequentially checking
nodes and distance to their connecting nodes. There is a "current" node, list of visited nodes
and list of unexplored nodes. Each node has an initial distance of in nity from the origin.
The initial "current" node is the origin node with obvious distance of zero to the destination.
At each iteration, each node connected to the "current” node is checked. If the sum of the
distance from the "current” node and edge weight is smaller than the listed distance of that
node, it is replaced. Otherwise the smaller distance is kept. The "current” node is then added
to the list of visited nodes and the unexplored node with the smallest distance is set as the new
"current”. Once the destination node is the "current" node the algorithm can be stopped. This
procedure can also be listed as a set of steps as often seen in elaborations of how algorithms
work.

1. Assign distance of in nity to each node except O for starting node

2. Set current node to starting node. Create list of unexplored nodes containing all other
nodes.

3. For the current node, consider each neighboring node and calculate its distance from
summing the edge cost and distance of current node. If this distance is smaller than the
distance the node already has assigned, replace it. Otherwise keep the original distance.

4. After considering each neighbor, add current node to visited list. From the list of unex-
plored nodes, select the one with the lowest distance and set it as new current node.

5. If the current node is the destination node or if the lowest distance in the the unexplored
list is in nite the algorithm is stopped.

In order for the Dijkstra algorithm to nd an optimal path that corresponds to the real life
scenario, it needs an adequate network topology as input as well as the cost incurred on each
edge. In many types of problems the ground distance is a great way to nd an optimal path.
When the distance along each segment is used as edge cost in the ground track network, the
solution of the Dijkstra algorithm closely resembles a great circle arc between origin and des-
tination. This path is literally the shortest path one could take in terms of meters traveled
over ground. Unfortunately, just like a boat sailing across moving water, the optimal path of
an aircraft is not given by the shortest ground distance. Instead, the ideal path of an aircraft
can be de ned as the path along which the minimal distance is own through air. In other
words, instead of ying the shortest path over ground against the wind or in stagnant areas,
one tries to take advantage of wind that takes the aircraft towards its destination, even if it
incurs additional distance traveled over ground. This balance can be found by changing the
edge cost from ground distance to air distance.

The air distance on an edge is obtained by dividing it into smaller segments and applying the
wind triangle method on each interval. Since the optimal airspeéd,; is given, along with the
desired ground path angle , the wind direction and speedVying the cosine rule as shown in
Figure 5.6 and Equation (5.5) can be used to obtain the resulting velocity over grouground
when ying from location A to B through a uniform wind eld. B* indicates the location the
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Figure 5.6: Wind triangle method

aircraft would y to in case there was no wind. Due to the drifting e ect in the wind though, it
ends up at location B as desired. Division of the ground distance of the segment by the aircraft
ground speedVyround gives the time required to travel from A to B. During this period however,
the aircraft travels a distance from A to B* through the air. Air distance on segment A to

B is therefore given by the previously determined time it takes the aircraft to travel between
those locations, multiplied by the aircraft's velocity with respect to airV,; during that time.
Summing the air distances of all segments along an edge gives the total air distance between
two connected nodes. Note that this distance is dependent on the direction of ight. Trac
that ies with the wind encounters less air distance compared to tra c that ies against it
which implies that in a bi-directional connection between two nodes, two di erent edge costs
are used.

Vazir = nground + Vv&ind 2 Vground Viind COi ) (5-5)

Of course the previous assumes knowledge of the local atmospheric conditions and the optimal
airspeed. When applying the International Standard Atmosphere there is no wind component,
leading to air distances that are equal to the ground distance on that segment. Real life scenar-
ios however do not feature a stagnant atmosphere. As is clear from Section 5.4 the atmosphere
is a very dynamic system that can be described using a large set of parameters. Wind velocity
and direction is not only dependent on latitude and longitude, but also on altitude and mo-
ment in time. As explained in Section 5.4 the temporal element is covered by the assumption
of a single time step along which the simulation takes place. The optimal (pressure) altitude
and airspeed of an aircraft however is dependent on atmospheric conditions and the aircraft
mass. Section 5.3.2 goes into more detail as to how the optimal altitude and velocity are
determined. Since they are a function of the aircraft mass and the mass is dependent on the
to-be-determined trajectory an assumption has to be made.

Based on ISA an optimal pro le is generated that relates an input aircraft mass and cost index
to an optimal airspeed and altitude as can be found in Figure 5.9. Furthermore, veri ed data
and range modelling shows the expected fuel consumption in realistic operations between each
origin and destination airport. By using a linear extrapolation of this expected fuel required
on a trip with respect to the ground distance to a node, an estimate of the aircraft mass at
each node is obtained. From this mass along with an input cost index, the optimal velocity
and altitude can be obtained from the ISA-based pro le. Both mass and corresponding ight
level estimates for a ight from the Netherlands to Washington D.C. (KIAD) can be seen in
Figure 5.7. Note that some waypoints are not connected and therefore given a default weight
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Figure 5.7: Mass and cruise altitude estimates for NL to Washington D.C. (KIAD) ight

equal to the landing weight. Since these are not connected to the rest of the grid, they are
by de nition never part of a track and can be disregarded. Simulation of various ights shows
that the linear interpolation of mass along the track is in fact very reasonable as can be seen
from Figure 8.4.

The nal result of the ground track generation function on a track from the Netherlands to
Washington D.C. can be seen in Figure 5.8. It shows the result of applying the Dijkstra
algorithm to the edges weighted with in one case the ground distance and in another with the
air distance. The rst closely resembles a great circle arc as expected, while the second takes a
more northern route to take advantage of wind direction and speed along the way. In this case
the atmospheric conditions on February 12th 2014 were used to calculate the edges. It should
be noted that the air distance is calculated using the estimate of cruise conditions that varies
along the ight, whereas the wind arrows in the gure are of a single altitude only (250hPa)
and merely provide the input to develop an intuitive understanding of the algorithm.

5.3.2 Optimal altitude and velocity pro le

After generation of the ground track, the ight plan simulation is completed by following an
optimum velocity and altitude pro le. This pro le is generated from local atmospheric con-
ditions and the aircraft state. In short, local steady ight is simulated using models of the
aircraft drag polar and engine characteristics. The subsequent cost of fuel and time on an
interval is evaluated and by nding the minimum of the combined cost an optimum velocity
and altitude is obtained. Section 5.3.2 describes the method and assumptions made to nd the
optimal cruise conditions

The altitude and velocity pro le is generated using two steps. First, a solution is generated

which respects the ight envelope. After this, a constraint is put on the altitude of the optimal
solution. Intervals of 2000 ft are used to emulate level ight imposed by ATC restrictions.

34 \ Faculty of Aerospace Engineering - TU Delft



5.3. Initial ight plan and simulation

Figure 5.8: Ground track from NL to Washington D.C. (KIAD) in wind eld at 250 hPa

Similar to this altitude restriction also a constant velocity on each ight level is required to ac-
curately simulate ATC restrictions. The last step does just this by selecting the lowest velocity
on each ight level and setting every solution associated with this altitude to this minimum
velocity. An overview of the nal pro le is shown in Figure 5.9.

Proles are generates by nding the optimal altitude and velocity for the aircraft to y at
given mass an cost index in steady horizontal cruise. Optimal is de ned as the condition at
which a cost function is minimized, keeping in mind a set of constraints. For the optimization
routine, a built-in function is used. It minimizes an input objective function, while respecting
linear and nonlinear constraints. The objective function to be minimized collects the unit cost
along a kilometer of steady horizontal ight and a nonlinear constraint function is used to
constrain the solution to a feasible region. To nd the optimal cruise conditions both velocity
V and altitude h are simultaniously optimized from initial point V = 250 and h = 30000. The
solution is determined using a Sequential Quadratic Programming (SQP) algorithm with stop-
ping criterion on the objective function and solution being 10*°. Justi cation for these can
be found in Section 6.2. The time required for each evaluation is approximately 0.5 seconds.
Since the pro le is constructed from linear interpolation along 50 points from minimum weight
(Miang) to maximum weight (MTOW), the generation of a full pro le takes in the order of
25-30 seconds.

Conventional ight computers use di erent values to weigh the cost of fuel and time. These
variances are caused by the use of di erent units in Boeing aircraft compared to Airbus, as well
as di erence in individual airline strategies. To avoid picking one over another the cost was
kept to a unit cost for both (1 monetary unit/ minute and 1 monetary unit/kg). In all cases, a
cost index of zero implies the most fuel e cient option and a large cost index a less fuel e cient
though faster ight. From the input, local drag, thrust and fuel ow are determined for steady
horizontal ight. Over a xed distance (1 km), the time cost is determined by Equation (5.6)
and fuel cost by Equation (5.7). The total cost is subsequently calculated by weighing the cost
of time with the cost index as shown in Equation (5.8).
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. Ctime dS
T t= i 5.6
imecos 580V (5.6)
ds
Fuelcost= Cse fuelflow v (5.7)
Totalcost= fuelcost + costindex timecost (5.8)

In case the optimizer did not take various practical constraints into account, the output would
be useless in a realistic ight planning scenario. Therefore a ight envelope constraint is taken
into account. It restricts the solution space by setting three boundaries. Firstly, it restricts the
velocity to a maximum. It does so by taking the maximum allowed Calibrated Airspeed (CAS)
and Mach number and determining which results in a lower local True Airspeed (TAS). The
most restrictive of the two is kept as maximum allowed velocity. Secondly, in a similar way to
the maximum velocity, the minimum calibrated airspeed is converted and set as a boundary.
Lastly, an operational service ceiling is de ned by setting a minimum rate of climb that the
aircraft should be able to attain of 500 ft/min. This climb rate requires a certain amount of
energy to be converted to potential energy. The power required to attain this rate is assumed
to be converted from surplus thrust. The equations used to construct this operational service
ceiling can be found in Equations (5.9) to (5.11).

dE = m g climbrate dt (5.9
dT hrust = O\I/—E (5.10)
Thrustreq = D + dThrust (5.11)

As mentioned, the unbound pro le gives the optimal altitude and velocity for a range of aircraft
weights. This pro le however does not meet an important requirement for realism. Aircraft
are bound to speci c ight levels and as a consequence are not allowed to follow the continuous
pro le as generated. In order to obtain a pro le that does meet the requirement of sticking
to ight levels a second interation is required. This takes the optimum input and determines
the optimal velocity along both the ight level above and below the optimal solution with
increments of 2000 ft. For example, if the optimal altitude is 31000 ft, the optimal velocity at
32000 ft (FL320) and 30000 ft (FL300) are found. The solution with the lowest cost associated
with it is selected as the ight level bound optimal solution.

The nal step in completing the optimal pro le is the following. Reasoning similarly to the
ight level constraint, ATC also requires aircraft to keep their velocity predictable. In practice
this often means having a constant velocity between two step climbs. However, when introduc-
ing ight level constraints the solutions shows a larger change in velocity. Since variations in
altitude are heavily restricted the velocity is optimized instead. This produces in some cases a
pattern in the velocity plot that resembles a saw tooth between the location of two climbs. A
more extensive elaboration on this can be found in Section 6.2.1. The solution to this is very
simple. Because the highest velocity is not always attainable due to thrust constraints, the
lowest velocity on a ight level is set for all segments associated with that altitude in order
to guarantee feasibility of the simulation. It should be noted that velocity in this case refers
to the mach number. The nal pro le with all three stages of its development is shown in
Figure 5.9.
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Figure 5.9: Altitude prole of unbound optimum, ight level constrained and ight level + Mach
number constrained at Cl =0

The method of generating the altitude and velocity pro le is elaborated. However, without
accurate input from the underlying aerodynamic and engine model this has no value. That is
why the following goes into more detail regarding the models used to approximate the aerody-
namic drag and engine thrust and fuel ow in a given condition.

The aerodynamics are modelled by taking the mass, velocity and position of the aircraft and
determining the aerodynamic drag associated with steady horizontal ight under these con-
ditions. In case the latitude and longitude are not given, ISA is used to determine local
atmospheric conditions. Otherwise local atmospheric properties from the NWP data are used.
From the assumption of steady horizontal ight, the lift coe cient is determined as shown in
Equation (5.12). An aerodynamic model is used to obtain the drag coe cient from an input

lift coe cient and Mach number. From a grid of nodes, linear interpolation is used to obtain
values for the complete domain. Figure 5.10 shows an overview of the domain and correspond-
ing drag coe cients. Section 6.1.2 goes into more detail on this model. The drag is calculated
as can be seen in Equation (5.13).

MSc Thesis - K.P.A.M. Barten | 37



5. Model Development

Figure 5.10: Drag polar used to model aerodynamic behaviour

_ L _ mg
CL= lvas lvzs (12)
1 2
D=2V?S Co (5.13)

The engine model used to simulate the thrust and fuel ow in any given conditions exist in two
forms. One uses the throttle setting from 0 to 100% to calculate the thrust and fuel ow. The
other one uses a desired thrust to determine the corresponding throttle setting and fuel ow.
Linear interpolation between the maximum and minimum thrust gives the throttle setting and
vice versa. Both minimum thrust, maximum thrust and fuel ow are obtained from linear
interpolation of data from a performance database. Given that the database covers all regions
that can be expected in an operational context, extrapolation of any kind is not considered.
The maximum thrust in Newton and fuel ow in kg/s is shown in Figure 5.11.

5.3.3 4D trajectory simulation

Sections 5.3.1 and 5.3.2 cover the generation of the ground track and ideal altitude and velocity
to keep while ying this track. The two do need to be integrated for a full 4D ight plan to
emerge. This integration is attained by simulating a ight that follows the track and pro le,
with additional climb and descent stages and step climbs incorporated. By doing so, a nal
ight plan is created which both follows a trajectory close to, or optimal and is operationally
feasible.

The amount of fuel an aircraft takes on board before departure is heavily dependent on the
ight which is to be performed. Since a heavier aircraft requires more lift to stay airborne, it

generates more drag, which in turn requires more thrust and thus a higher fuel consumption.
Too keep the fuel consumption to a minimum it is therefore necessary to keep the aircraft as
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Figure 5.11: Max thrust in Newton and fuel ow in kg/s used to model engine characteristics

light as possible. One of the easiest ways to do this is by taking on as little fuel as possible
(or allowed) to complete the journey. In practice this implies that the landing weight of an
aircraft is known, since it has only a minimum amount of fuel left. Take-o weight however

is not as predicable. For simulation purposes this has a major implication, namely, the ight
is simulated backwards. Rather than forward integration in which fuel is subtracted from the
take-o weight and one ends with the landing weight, the opposite is done. Backwards sim-
ulation means that the algorithm starts at a known end state. In this case at 15000 ft above
the end node, at a xed CAS. Backwards integration along the descent phase gives the state of
the aircraft at the top of descent, at which point the cruise phase simulation is started. Using
steady horizontal cruise segments and step climbs the cruise phase is simulated up to the top
of climb, at which point the climb is evaluated and eventually the aircraft ends at 15000 ft
above the starting node, at a xed CAS.

The descent phase is initiated right above the end node at 15000 ft. The aircraft is assumed to
have a throttle setting of 0% during the entire phase and maintain a velocity that corresponds
to a schedule. By using throttle and velocity as a control, the glide path can be calculated and
the descent trajectory simulated. The point mass model used for the calculations can be seen
in Figure 5.2. The calculations corresponding to this gure, which form the backbone of the
descent simulation are found in Equations (5.1) to (5.4) [84].

As mentioned, the cruise phase is simulated using two di erent modes. Either the aircraft
ies at the ight level it is supposed to according to the optimal pro le, or it requires a step
climb to get there. In case the rst is true, the input state is considered and the drag and
corresponding thrust and fuel ow are calculated for steady horizontal ight. From backwards
integration over the cruise phase and using a su ciently small segment length, the total ight

is simulated. It is important to note that the optimal conditions change not only with aircraft
weight but also with latitude and longitude. In order to accurately follow the optimal con-
ditions throughout the NWP based atmosphere a three dimensional grid (latitude, longitude
and mass) was created from which these conditions can be retrieved. Section 6.2.2 goes into
more detail about this grid. It should be mentioned that the 0.5 second evaluation time forces

MSc Thesis - K.P.A.M. Barten | 39



5. Model Development

a trade-o between the grid resolution and computation time.

The second mode in simulation of the cruise phase is the step climb. If the aircraft is at a di er-
ent altitude compared to the optimal conditions, this one is used rather than steady horizontal
cruise. A target climb or descent rate of 500 ft/min is considered and converted into a thrust
di erence using the assumption that all potential energy is obtained from surplus thrust. Just
like for the operational ceiling constraint, Equations (5.9) to (5.11) show the equations used to
do so. In order to increase the accuracy of the fuel ow estimate, the fuel ow is evaluated at
60 intervals during each step and compounded. The fuel ow on this segment is evaluated and
a new latitude, longitude, altitude and aircraft mass determined. By adding fuel ows over all
segments the total fuel required for the step is found.

During simulation of the cruise phase, the aircraft gets heavier and closer to the origin of the
ight. This creates an interesting situation. The climb phase of the aircraft is simulated in
exactly the same way as the descent phase, except instead of 0% thrust, 100% is used. In order
to end up exactly at 15000 ft above the origin node using backwards integration, the exact
location of the top of climb needs to be known. Of course this is dependent on the altitude
at which cruise is started, the velocity and most of all, the mass of the aircraft at the start

of the climb. To solve this problem caused by backwards integration, the climb is simulated
many times and the results stored to create a large matrix from which an accurate estimate of
the starting position (top of climb), time and fuel required to execute this phase. Section 6.2.3
goes into more detail regarding creation of the climb matrix.

5.4 Incorporation of atmospheric data

The atmospheric model in which the simulation and optimization algorithms are conducted
exist in two forms. Either the International Standard Atmosphere (ISA) is used or data
is retrieved from a Numeric Weather Prediction (NWP) data set. The properties that are
retrieved are the following.

Pressure p inN=m?
Temperature T in K

Air density  in kg=n?
Speed of sound a irm=s

Relative pressure = 2 with no unit

The International Standard Atmosphere (ISA) is a standard for modelling atmospheric con-
ditions. It de nes the pressure, temperature and density across a wide range of altitudes in
the earth's atmosphere. For accurate and reliable evaluation instead of using a data table, the
underlying equations are used. Equations (5.14) to (5.18) show them written out completely
[16]. These are valid in the troposphere and tropopause. This altitude range from 0 to 20km is
more than enough in the context of commercial jet aircraft trajectory simulation. Figure 5.14
shows the development of the output values as the input altitude changes. It should be noted
that To = 288:15 K, T1ikm = 216:65 K, po = 101325 Pa,p11km = 22632 Pa,R = 287:15 J/kg/K
and =1:4.

(
To 65 10° h ifh 11km

T= .
T11km otherwise

(5.14)
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8
< . s p 52561
o= Ppo 1 65 10° ¢ if h  11km (5.15)
© Pukm € e (M) othenwise '
p
= = (5.16)
| O
a= R T (5.17)
= ;’0 (5.18)

Given the scope of this thesis, incorporation of realistic atmospheric data is essential. Therefore
instead of relying purely on the ISA model, a data source is required from which to retrieve
local atmospheric properties. Fortunately there are a number of sources available. Selection
criteria for the data are the following.

Spatial coverage (latitude, longitude and altitude)

Spatial resolution (latitude, longitude and altitude)

Data type available

Data accuracy and reliability
Temporal coverage
Availability

Required processing

As one can imagine, key requirements are for the data to cover the entire space along which
the ight is simulated. This implies coverage of the longitudes 1& to 125 W and latitudes

25 N to 85 N as well as an altitude range between 15000 and 45000 ft. Since commercial jet
aircraft use pressure altitude to indicate their altitude during the majority of operations the
latter can be translated to a pressure range between 571.81 and 147.47 hPa. These are hard
requirements which rules out many options that only cover speci c areas (e.g. only above US
or European airspace).

Another key requirement is for the data to supply the information required for both simula-
tion of the ight and evaluation of contrail formation and persistence. As a minimum, both
temperature and humidity need to be part of the data pack. Moreover, this data needs to be
both accurate and reliable for the conclusions from the thesis to hold. Accuracy in this context
refers to the precision of the data that is supplied. If temperature is provided in steps of 10
K, this is obviously not accurate enough for simulation. Reliability refers to the magnitude
of errors induced by measurements and modelling of atmospheric data. These should also be
kept to a minimum.

Besides the hard requirements there are also a number of softer conditions that are taken
into account in data source selection. A denser atmospheric data grid yields more accurate
simulation. Therefore, in addition to su cient spatial coverage, a high resolution is desirable

given the dependence of the trajectory on atmospheric conditions. Having a set of days/times
to choose from when performing the simulation also helps enforce the validity of results by
reducing the dependency on a single moments' evaluation. Inclusion of wind data would also
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Figure 5.12: Horizontal (left) and vertical (right) resolution of Canadian GDPS NWP data

add greatly to the level of realism that this thesis pursues.

Based on the criteria presented in this section there is a source of publicly available data which
very suited as input. The department of "Environment and natural resources” of the Govern-
ment of Canada provides Numeric Weather Prediction data from their Global Deterministic
Forecast System (GDPS) [85]. This data covers numerical predictions of the global atmosphere
in a grid format sized 1500 by 751 nodes as can be seen in Figure 5.12. This grid of .24 x .24
degrees corresponds to about 25 km resolution. On this rectangular grid the third dimensional
component is added by data covering 28 isobaric levels. On the range of 15000 to 45000 ft this
gives around a dozen distinct levels between which interpolation can be used to approximate
conditions. A visualization of the spatial resolution can be seen in Figure 5.12. Among others
the NWP data provides temperature, humidity, geopotential altitude associated with pressure
levels and wind direction and velocity. The accuracy of the temperature data can be seen in
Figure 5.13. It shows the deterioration of the RMSE as the model forecasts further into the
future. In this thesis, only the 0-hour prediction is used for simulation. In other words, only
the input data with corresponding highest possible accuracy is used for input, namely less than
1.5% error for temperature which is considered acceptable. This also implies the simulation is
conducted using the atmospheric conditions of a single moment. The bene t of incorporation
of potential atmospheric changes during an 8-12 hour transatlantic ight is easily o set by the
huge increase in complexity and computational burden that is associated with including tem-
poral variation of atmospheric data. It was therefore decided to only use the 0-hour prediction.

Based on the GDPS NWP data provided by the Government of Canada, an atmospheric model
is built. The data only provides information on speci ¢c nodes. For simulation however, also an
estimate of the atmospheric conditions between nodes is necessary which requires an interpola-
tion method. The atmospheric model is create using a built-in function. This o ers four kinds
of interpolation for multidimensional uniformly spaced data, namely: nearest, linear, cubic
and spline. In order to avoid a discontinuous function value, the rst option is ignored. Due
to the non-uniform vertical separation of data the cubic option is also not a feasible solution.
Lastly, in order to avoid unwanted oscillatory behaviour and local extremes the spline option
is disregarded. This leaves the very predictable and reliable option of linear interpolation.
Figure 5.14 shows output data for three sets of NWP data (12 Feb 2014, 14 Feb 2017 and
11 May 2017) as well as the ISA output. Since the NWP data uses pressure as a proxy for
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Figure 5.13: Canada GDPS NWP accuracy development with respect to prediction horizon [85]

Figure 5.14: Comparison of ISA and 2014 and 2017 Canada GDPS NWP data at Spijkerboor x

altitude, the pressure graphs overlap completely. Temperature varies quite a bit as expected
but still follows the trend. Density shows very little deviation. Since speed of sound is directly
proportional to temperature, it shows identical relative variation.

It should be noted that there are three NWP data sets. The rst is identical to the one use
by Hendriks [1], which covers February 12th, 2014. This is not a coincidence because this
thesis follows directly from his work. In order to improve the validity of results however,
additional input was retrieved. The second and third set cover 14 February 2017 and 11 May
2017. These are arbitrary dates which happen to be when this research was conducted. The
GDPS unfortunately does not provide historic data which makes it impossible to retrieve data
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from any other day than the current one. Moreover, due to the size of data required and
computational e ort involved in processing it into the pro le grid described in Section 5.3.2 it
was decided that these three sets su ce.

5.5 Contrail prediction model

The contrail prediction model hinges on two separate binary outcomes. It rst determines
whether contrails form or not under input conditions and then determines whether a formed
condensation trail would persist. Only when both are true are conditions determined to pro-
duce environmentally harmful condensation trails. The formation and persistence criteria are
elaborated on in more detail in Sections 2.1 and 2.2. Their translation towards code that
accurately predicts them is explained here. The contrail prediction module uses the local
temperature, pressure and speci ¢ humidity from the atmospheric model as input. While con-
verting these to a contrail prediction, a number of equations is used. The expressions for water
vapour pressure are shown in Equations (5.19) and (5.20) [26]. One of the rst operations is to
convert the speci ¢c humidity to relative humidity with respect to water using these and Equa-
tion (5.21) [1]. It is important to note that the constants used in the entire contrail module
are the following: To = 273:15 K, ¢, =1 10° J/kg/K, Eln,0 =1:25," =0:6220,Q =43 10°
Jikg and =0:35.

Piq = 100 o285 116635794 0:02711193T+1:67395210 ° T2+2:433502 log(T) (5.19)
Pce = 100 224522 424:7219+0:010613868T 1:319882510 5 T2 0:49382577log(T) (5.20)

SH p

("+SH@ ") Pig
The rst step in predicting contrail formation is calculating the ratio G, describing the change
in water vapour pressure and temperature during mixing. Equation (5.22) shows the expression
for it. At this point an initial estimate is made for Ty as shown in Equation (5.23) [4] and
nally calculated using Newton iteration as described by Schumann in 1996 [4]. This iteration
works on the principle that a root of a function can be approximated using the rst derivative
of this function. A generalized formulation would bex,+1 = Xp ffo((’j(“n)). In this case, the
function that is approximated is the di erence between the angle of the saturation vapour
pressure line Piq) and G. In short, f = pi;  G. Expressions for rst and second derivatives
of Equation (5.19) are determined. Subsequently iterating Equation (5.24) until a su ciently
small tolerance is obtained yields the nalT.y . Since this is a rather quick process the
tolerance on the temperature increment is set to 16 which is su ciently small to ensure the
nal value for Ty is accurate.

RH,, = (5.21)

El & p
G= —— — 5.22
mn Q (1 ) ( )
Tim = To 4646+9:43 log(G 0:053) +0:720 log(G 0:053)2 (5.23)
_ Pig(Tum,) G
T =T = - 5.24

After calculation of Ty the critical temperature for contrail formation is determined. There
are three di erent cases de ned for this, some of which require less computations. In case
the relative humidity is either practically 0 or 1, the critical temperature follows directly from
Equation (5.25). This relation and the method for determining the critical temperaturerl |, ¢

is also described by Schumann [4].
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(

Pig (Tim ) i =
TLC - TLM G if RHW 0

TLM if RHW =1

If however the humidity is not close to 0 or 1, a Taylor series expansion arouiigy, is required.
The equations used to obtainT ¢ in this case can be found in Equation (5.26) [4]. Contrall
formation is now a simple comparison between the ambient temperature and now determined
critical formation temperature. In case the ambient temperature is equal to or lower than
critical, contrails are expected to form. In other cases, regardless of persistence, they do not
form so do not add to radiative forcing.

(5.25)

Tic =T +A (A2+2B)2
(1 RHy)G

B — (@ RHw) pig (Tim ) (5.26)
whereA = RHZ Pl (Tuw ) and B = RHZ oy I(cll'l_MU;I

Determination of contrail persistence is much more straight forward compared to formation.
Equation (5.27) shows the relation between relative humidity with respect to liquid water
(RHy) and ice RH;). Since the relative humidity with respect to water and the saturation
vapour pressure over liquid water f§sat,, ) are know, the partial vapour pressure ffpartiar ) can

be calculated. This value can subsequently be used to determine the relative humidity with
respect to ice. The reason for calculatinBH; is because contrail persistence is directly related
to it. Formally for persistence it needs to be 100% or higher. Due to local variations in
atmospheric conditions and a relatively large grid size compared to the scale at which contrail
dynamics occur a lower boundary of 80% was used, just like Schumann and Hendriks did
previously [1, 4, 86].

9
RH,, = Pearta = _
Y7 Paw  RH = RH, PR (5.27)
RH; = Pparta Psat;ce

Psat jce
Using this theory and the NWP data described in Section 5.4 a prediction can be made where
contrails form and persist. Figure 5.15 shows an overview of regions in the simulation domain
where contrails will both from and persist. The gure depicts the situation at a realistic al-
titude of 250 hPa or approximately 34000 ft on the February 12, 2014. Persistent contrail
regions are shown in yellow in contrast to where either they don't form, persist or both. These
areas are colored blue.

5.6 Ground track contrail optimization

As can be found in Chapter 8 the mitigation of contrails is achieved using two separate strate-
gies and nally a hybrid of the two. These follow a similar division to ight track simulation
which rst generates the ground track and subsequently a velocity-altitude pro le over it. In
short, contrails are avoided using either horizontal track alteration or changes to the pro le, or
a combination of the two. Section 5.6 describes the approach for mitigation by ground track
alteration.

The target of this thesis is to explore feasibility of contrail mitigation in a more operationally
realistic setting compared to previous research. One of the key insights in this context is a
sensitivity of the contrail avoidance parameters 4,ng 0N contrail distance, fuel and time. It is
therefore desirable to create a ground track mitigation algorithm which usegq as a weighting
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Figure 5.15: Persistent contrail formation regions (yellow) at 250hPa (34000ft)

factor for the contrail cost, relative to other factors to obtain the edge cost. Fortunately the
solution to this is both obvious and relatively easy to implement. Equation (5.28) describes
the edge cost between each node.

COSt= Sazir + grnd  Scontrail (5.28)

As described in Section 5.3.1 an estimation of aircraft mass is used to determine the corre-
sponding cruise altitude and velocity at each node. These estimated cruise conditions can in
turn be used to predict whether the aircraft will encounter atmospheric conditions that lead to
persistent contrail formation. Each edge that is part of the network therefore not only obtains

a cost in the form of air distance, but an additional second cost in the form of contrail distance
penalty. The edge is divided into segments on which ight conditions are predicted and corre-
sponding atmospheric conditions evaluated. The length of segments that generate persistent
contrails are summed to obtain the total potential contrail distance along the edge. Just like in
the non-mitigated case, the Dijkstra algorithm is used to nd a ground track. However, instead
of air distance as edge cost the cost as de ned by Equation (5.28) is used. The resulting tracks
can be seen in Figure 5.16.

5.7 Pro le contrail optimization

Contrails are avoided using either horizontal track alteration or changes to the prole, or a
combination of the two. The previous section describes the rst approach for mitigation by
ground track alteration. This section goes into detail regarding the model used for prole
modi cation in order to mitigate contrails.

Similarly to the ground track optimization, it is desirable to have an input parameter pof
which determines the extent to which contrails are avoided in the pro le mitigation function.
It is the contrail penalty parameter that enables a sensitivity analysis which provides critical
insight in the e ectiveness of contrail mitigation using pro le alteration.

The global atmosphere is a very complex system. Regions in which contrails form are therefore
very diverse in shape, size and location. Depending on the situation either an altitude increase,
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Figure 5.16: Ground track alterations NL to Washington DC (KIAD) at given values of  ground

decrease or combination of the two is required for contrail avoidance. This makes even a general
form of solution very di cult to predict beforehand. Moreover, a strong likelihood of encoun-
tering local minima yields many conventional gradient-based optimization routines ine ective.
The complex problem with many local optima is in this case best solved by (meta)heuristic
methods. These methods are used in limited computation capacity and work by sampling a set
of solutions when the entire solution space is too large to be completely explored. From this
category a speci ¢ method is selected. The pro le optimization is conducted using a di erential
evolution algorithm. Apart from the fact that this is one of only a few options where both
in-depth knowledge and the code is readily available within the TU Delft ATO department, it

is very well suited for the problem at hand. It deals well with non-smooth nature of contrail
occurrence and complex atmospheric conditions as well as having the ability to use parallel
optimization and most importantly, it can avoid local optima.

Genetic algorithms emulate the process of natural selection to come up with a solution with
the best performance according to the objective function. Similar to real life evolution, a set
of potential solutions is generated and their tness is evaluated using the objective function
after which a new set of potential solutions is generated. Each iteration is referred to as one
generation. Genetic algorithms use a set of operators to search for the optimal solution, those
being crossover and mutation [87]. Using a crossover function, pairs of "parent” solutions are
selected to produce a "child" solution. The properties of the child solution are created from
its parents and may include a random mutation. The stochastic mutations insure that the
genetic algorithm can avoid local minima/maxima. As solutions are produced generation af-
ter generation the goal is to have them converge towards a global optimum. The mutation
probability may decrease over time to achieve this convergence. It should be noted that after
each tness evaluation, the candidates are selected and mutated with a certain probability
Ps; Pm after which a selection criterion (e.g. tournament selection) is used to eliminate weak
candidates [88]. Since genetic algorithms do not use gradient information in their search, they
can be e ectively applied to non-di erentiable functions [89].
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Di erential evolution is a method for approximating global optima when the objective func-
tion is non-di erentiable, non-continuous or otherwise di cult to solve analytically [90]. It was
shown that it generally outperforms evolutionary algorithms and particle swarm optimization
methods with the exception of noisy functions [88]. It works, just like other evolutionary algo-
rithms, by initially generating a population of candidate solutions and in an iterative process
evaluating their performance and subsequently generating a set of new candidates by selecting,
recombining and mutating. It is similar to an evolutionary algorithm except for the way in
which it generates new potential solutions and due to its use of a "greedy" selection scheme
[88]. Each new candidate is generated by the weighted di erence of the parent solutions. The
new candidate replaces them if it is tter than its parent, otherwise the parents solutions are
kept [88]. The method should adhere to a set of requirements. These are that they should
nd the true global minimum, they should converge fast and they should be easy to use by
requiring a minimum of input parameters [91]. The algorithm that was used is a customized
version of an adaptive elitist di erential evolution algorithm [92].

In order to implement the di erential evolution in a contrail mitigation context the scope of
the algorithm needs to be de ned from which an objective function, decision variables and
constraints are obtained. Due to the complexity of the atmosphere and available computing
resources individual contrail region optimization was selected. In practice this means that
on a pro le, the moment right before the aircraft ies into and right after it ies out of

a contrail region are determined. On this section of ight, di erential evolution is used to
generate a pro le that better suits the objective compared to the original pro le. This pro le

is constructed using four decision momentss{) and decisions to be takenf(,). Both the
values of the entry location §;) and exit location (s;) are xed. Between these, two arbitrary
locations are de ned 6, and s3). At locations 1, 2 and 3 a decision is made to either stay
level, climb 2000 feet or descend 2000 feet. At location 4, the pro le is forced to return to the
original pro le as can be seen in Equation (5.30). Note that the deviation to the original pro le

is the sum of the decisions taken at decision points that have been crossed at that particular
distance. The logical consequence of the situation as described is that ve variables determine
the shape of the prole. s; and s, are xed and f4 is a function off, to f3. The population

in the di erential evolution algorithm has the format [s, s3 f1 f, f3] where

8
2 +2000
S1 S2:3 Sy and f1;2;3 = > 0 (529)
2000
X3
fu= f, (5.30)

i=1
Figure 5.17 shows a depiction of two hypothetical situations in which a contrail region is en-
countered. As mentioned, there are four decision moments on which one of the three decisions
with regard to altitude can be made. On the leftf = [+2000 0 0  2000] and on the right
f = [+2000 2000 2000 + 2000]. As is clear from the right situation, because the de-
cisions are made with respect to the original pro le, steps in the original pro le remain part
of the solution unless they are counteracted explicitly by a decision variable. Betwesnand
s3 the location and magnitude of the original step remains intact, though altitude can change
depending on potential altitude changes a$; and s,.
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5.7. Pro le contrail optimization

Figure 5.17: Hypothetical situations (blue) with potential pro le alterations (red)

Given the goal of generating a contrail sensitivity plot, both contrail cost and time and fuel
cost need to be re ected in the objective. This can be seen in Equation (5.31). In essence,
the objective function script which evaluated by the di erential evolution code generates an
alternative pro le in accordance with the decisions as de ned by the decision variables. Along
this trajectory the contrail distance is evaluated and potential envelope violations checked. The
nal state is compared to the original and changes in mass and time determined. The objective
is to minimize the total change in fuel, time and total contrail distance generated along the
prole. In case the operational envelope constraint is violated, the objective is automatically
set to in nite.

min :J = dm+ dt+ prof  Scontrail (5-31)

As mentioned, the di erential evolution algorithm is capable of nding global optima when
local ones also exist. This however should not be confused with nding a global optimum
pro le for the entire ight. The way the algorithm is set-up merely optimizes over a single
contrail region. A non-contrail mitigating cruise phase is added from the nal state of the
mitigation pro le. After this, the next contrail area is identi ed and contrails mitigated using
the di erential evolution method. In short there are three steps in generating the total pro le
mitigated trajectory, excluding step 0 which is to generate an overall non-mitigated ight
prole. This sequence ensures the compounding e ect of potential extra fuel and/or time of
the mitigation pro le on the part of the ight before it. For example, additional fuel in one
stage of the ight leads to a higher weight prior to consuming it, which leads to higher fuel
consumption and therefore even higher take-o weight. Merely adding the local di erences
across each contrail region therefore does not su ce. This process is shown in Figure 5.18 and
steps listed below.

1. Identify locations of entry into and exit from contrail region
2. Mitigate contrails over contrail region using di erential evolution

3. Generate non-mitigated trajectory along ground track starting from mitigated pro le

It is important to note that the pro le optimization routine only considers the cruise part of
the ight. The number of decision variables is kept small on purpose since this directly reduces
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5. Model Development

Figure 5.18: Mitigation pro le generation on ight passing through two contrail regions

the computation time needed for reliable results. This does however restrict the variation in
potential solutions. Given these discrete choices (+2000, 0 -2000 ft) and their frequency (4
times per contrail region) the pro le mitigation algorithm is not suited to deal with the climb
and descend phases of the simulation.
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Chapter 6

Model Verification

Chapter 5 introduces the model used for simulation and explains how it works. This chapter
builds on that by going into more detail regarding the simulation model and assumptions
that are made during simulation, thereby verifying that it meets requirements and checking
it's output against other sources. First the aircraft performance is checked after which some
simulation properties and assumptions are evaluated. After this the contrail prediction module
is looked at more closely and nally some optimization parameters are veri ed.

6.1 Aircraft performance

For an accurate ight plan to be created, the underlying aircraft performance needs to resemble
real operational conditions as close as possible. The models used for this thesis di er slightly
from the ones used by Hendriks [1], which is one of the main reasons they are analyzed in more
detail.

6.1.1 Operational envelope

Figure 6.1 shows the operational envelope that the aircraft is bound to by CAS and Mach
number constraints. It also shows the simulation data for non-mitigated ights to each des-
tination in the May 2017 NWP. The color shows the relative total cost associated with 1km
of steady horizontal ight at the given conditions. Red corresponds to relatively high cost,
whereas blue represents condition of lower unit cost. The total cost is of course the sum of
fuel and time cost which is equal to the fuel cost in A and the time cost in B. Please note that
the situation changes as the aircraft weight changes. As can be seen the velocity constraints
are respected and an operational ceiling is obtained from the requirement of being able to
keep a certain climb rate. It can also be seen that the simulation data starts and ends at the
scheduled velocity at 15.000 feet. As expected the majority of the ight is spent in the dark
blue region of the plot which corresponds to the lowest cost (optimal fuel or time) conditions.
This con rms that the simulation works as it should and gives con dence in the results.

6.1.2 Aircraft drag and engine model

Figure 6.2 shows the di erence in drag coe cient which results from the aerodynamic model
used by Hendriks [1] and the one used in this work. It is clear that their results remain within
10% of each other across practically the whole domain. Near the edges at very high speed
(Mach 0.9) or low lift coe cient (0.1) they do deviate more. It should be noted that fuel
optimal ights remain mostly within conditions at which the two models do not di er more
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Figure 6.1: Steady horizontal ight unit cost at mj;ng in ISA with CAS and Mach constraints and
fuel optimal (A) and time optimal (B) cases in May 2017 NWP

Figure 6.2: Absolute percentage di erence between drag coe cient Cp) in this thesis and the one
used by Hendriks [1]

than a few percent. High lift coe cients and low velocities do not lead to large di erences
between them. It seems that between Mach 0.4 and 0.6 and betweg@én 0.25 and 0.4 the two
match very closely.

As for interpolation there are a number of options available. For gridded data like that of the
aerodynamic drag this can be nearest, linear, cubic or spline. If the input data is scattered as
is the case for the engine model linear, nearest or natural interpolation can be used. To avoid
discontinuous second order derivatives which are often used in gradient based optimization
algorithms, linear interpolation is avoided. After testing various options it was decided that
spline interpolation was best suited for the aerodynamic drag data and nearest neighbor was
best suited for the engine model. Extrapolation is disabled for both.

Figure 6.3 shows on the left (A) the di erence in maximum thrust and on the right (B) the
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6.1. Aircraft performance

Figure 6.3: Percentage di erence between maximum thrust (A) and maximum fuel ow (B) used for
this thesis and the one used by Hendriks [1]

di erence in fuel ow which results from the engine model used by Hendriks [1] and the one
used in this work. On the left it can be seen that at lower altitudes the thrust is within 5%
of each other. At higher altitudes and Mach numbers however the values diverge to where the
one used for this work is close to 40% higher. On the right it can be seen that the maximum
fuel ow models are within roughly -30 to 40% of one another. At high altitude the ones used
for this work is approximately 40% higher which corresponds roughly to the rise in maximum
thrust, albeit in di erent conditions. Around 20.000 to 25.000 feet the two models show close
resemblance in their output. At low altitude Hendriks' model predicts higher maximum fuel
ow up to 30%. Mach number seems to have a smaller in uence on the di erence in maximum
fuel ow compared to maximum thrust than altitude does. It should be noted that Figure 6.3
shows the maximum values rather than an output comparison across all three input dimensions
(velocity, altitude and thrust setting). Moreover, the optimal cruise conditions generated using
this input seems to correspond closer to reality than those of Hendriks which seem rather low.
Underestimation of available thrust at high altitudes could be one of the main reasons. This
also gives con dence in the accuracy of the models and interpolation used here.

6.1.3 Step climb and steady horizontal ight

After inspection of the cruise and step algorithms under various conditions some interesting
properties become apparent. As mentioned in Chapter 5 the step climb uses a di erence in
thrust (equal to required potential energy input for altitude gain) to determine the fuel cost
associated with step climbs. What is interesting about this assumption is that the perfect
energy conversion causes any changes in fuel e ciency (fuel required per unit thrust) can be
exploited by the algorithm. Figure 6.4 shows two ights that cross a horizontal distance of
1000 km at FL260 at 300.000 kg in ISA. One ies a steady horizontal path and the other uses
alternating step climbs and descents across the majority of the track. The top left graph shows
their altitude throughout the ight and the bottom left shows their mass development. It is
clear that even though the ight paths di er greatly, compared to the total mass they seem
to remain the same weight. Instead of showing the absolute weight, the right image shows the
di erence between the oscillatory and steady horizontal case through the ight. It can be seen
that at the initial step up the oscillatory version consumes more fuel, however the fuel it saves
during the step down more than compensates for it. This leads to an eventual advantage of
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Figure 6.4: Fuel consumption of level cruise vs repeated step climbs in ISA at 26.000ft, 250m/s and
300.000kg

the oscillatory scenario compared to steady horizontal ight. A sequence of 8 oscillations over
1000km under the given conditions yields a 54 kg fuel advantage.

It seems unrealistic and counter intuitive that alternating steps are more fuel e cient than
steady horizontal ight. What should be considered here is the following. Table 6.1 shows the
output of three di erent scenarios. Steady horizontal ight, a 50 ft step climb and descent are
simulated at 25.000 feet at 250 m/s and 300.000 kg in ISA. The scenarios cover a very small
range of altitudes and masses which diminishes any other e ect than that of the di erence in
required thrust. What is remarkable about these results is that even though all cover the same
unit of time and horizontal distance, the climb consumes 1.53 kg more fuel than level ight and
the descent 1.84 kg less. Since they both stem from the same thrust di erence they are caused
by non-linear behaviour in the engine e ciency. Even though the di erence is small it is clear
that if the two actions are combined it gives a reduction of 217.2 (18:7 + 15:4) = 0:3 kg

in 12 seconds of up-down ying compared to level ight. Obviously this ignores any dynamic
behaviour in addition to relying on perfect energy conversion from surplus thrust to potential
energy. Fortunately, since the simulations in this thesis do not contain large numbers of steps
this e ect is relatively small compared to that shown in Figure 6.4. In short, this behaviour is
caused by assumptions in the model. Its impact on the ight plan and potential incorporation

of dynamic behaviour should be considered for further research.

Table 6.1: Impact of step climb/descent on instantaneous fuel consumption compared to steady hori-
zontal ight at 25.000ft, 250m/s, 300.000kg in ISA

dt dh ds Thrust fuel dThrust d dfuel
Scenario [s] [ft] [m] [N] [ka/s]  [kg] [N] [ka/s]  [kd]
0 0 0
50 ft climb 6 50 1.50E+03 2.04E+05 3.12 18.7] 3.00E+04 0.254 1.53

50 ft descent 6 50 150E+03 1.44E+05 256 154

Level ight 6 0 1.50E+03 1.74E+05 287 17.2
-3.00E+04 -0.308 -1.84
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6.2 Simulation and integration

This section covers some key decisions made in simulation. It covers the generation of the cruise
conditions, the optimal cruise conditions grid and grid for evaluating climb performance.

6.2.1 Optimal cruise condition generation

The generation of cruise conditions is done using a cost function and optimizer. Since the sim-
ulation and subsequent results rely heavily on the output of this process, the input parameters
are all carefully weighed before making a nal decision. As input for fmincon and the subse-
guent optimal pro le, the following decisions have to be made. The tolerance of the decision
variable (TolX), tolerance of the objective function (TolFun), starting point (X0) and the algo-
rithm that is used (interior-point, trust-region-re ective, Sequential Quadratic Programming
(SQP) or active-set). Next to that, to stay as close as possible to actual optimal conditions,
the pro le should be generated for a large number of aircraft masses.

In order to select the best combination of optimizer options, the performance of a large set
of sample problems was evaluated. The option with both the most accurate and fast results
was selected. Active-set and trust-region-re ective did not yield any usable result. Both inte-
rior point and SQP were extensively tested on various initial conditions and tolerances. The
SQP algorithm was found to produce a more accurate results faster. Lower tolerances found
unrealistic results, however from le-5 for TolFun and 1le-8 for TolX the results were deemed
realistic. They continued to increase in accuracy up to 1e-12 were they practically leveled o .
The computation time however was found to be proportional to the accuracy in this last phase
(therefore 1e-12 takes hardly any longer than le-15). This is why the decision was made to
stick to a 1e-15 for both TolX and TolFun. As for the number of steps of the aircraft mass,
this relates linearly to the computation time. A resolution of 50 steps gives an interval of
approximately 2 metric tons (0.6 to 0.9 % of aircraft weight). Increasing the resolution does
not yield accuracy improvements that o set the required computation time. Therefore, and
given the spatial resolution of the optimal cruise conditions grid, this number was deemed an
appropriate interval.

As described in Chapter 5, the optimal conditions need to abide an operational envelope con-
straint. This constraint is de ned by the minimum and maximum allowed velocities (CAS and
Mach) and a minimum rate of climb that the aircraft should be able to reach. The "rate of
climb envelope” is attained by a minimum surplus thrust that the engines should be able to
provide to achieve the minimum work required to attain the target rate of climb. This e ec-
tively pushes the aircraft envelope down with respect to the absolute maximum altitude. The
higher the required climb rate, the more the e ective service ceiling is pushed down. Given
that in case an aircraft is not able to achieve 500 feet per minute it should report this to ATC,
this was chosen as absolute minimum service ceiling [93].

As shown in Figure 5.9 when the altitude constraint is added something interesting happens.
As fmincon optimizes the cost associated with particular conditions it uses altitude and velocity
to do so. When one of them is xed - in this case altitude - a single parameter remains to
minimize cost. This is the reason for the saw tooth pattern as seen in Figure 5.9. It can
be shown that as the aircraft weight changes the optimal velocity also changes. Due to the
relatively coarse grid of optimal conditions as used in simulation and the use of a natural
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neighbor interpolation this e ect is not apparent in the nal simulation.

6.2.2 Cruise conditions grid

Generating the optimal cruise conditions is a computationally expensive process. Rather than
making it an integrated part of the simulation (thereby greatly increasing simulation time), a
grid of optimal cruise conditions is created. The routine evaluates both absolute and ight-
level constrained optimal conditions at 50 latitudes, 120 longitudes and 50 aircraft weights.
This is done for three di erent atmospheres (May 2017, February 2017 and February 2014) and
both fuel and time optimal conditions. Of course the ner the grid, the closer these conditions
resemble the actual case. The evaluation of 50 latitude x 120 longitude x 50 weight = 300.000
nodes takes approximately 100 hours of processing which is the highest resolution practically
possible in the context of this thesis. Figures 6.5 and 6.6 show the optimal cruise altitude for
fuel optimal ights for the minimum and maximum aircraft weight in the May 2017 NWP. As
can be seen, the two resemble each other fairly closely, though of course the ight-level bound
data is more discrete in nature.

When considering the operational envelope of commercial jet aircraft, cruise altitudes are typ-
ically between 30.000 and 40.000 feet, usually tending towards the top boundary. For the
Boeing 747-400 aircraft as is the subject of this thesis this is also true. Validation on aircraft
tracking websites (e.g. ightradar24.com) con rm that transatlantic ights by KLM mostly

keep to altitudes between 32.000 and 38.000 feet. Relating this to the values seen in the cruise
conditions grid, it can be found that the grid su ciently approximates day-to-day operational
practice. Moreover, the fact that aircraft never cruise at their Maximum Take-O Weight
(MTOW) and the results from Section 8.1 only con rm that the cruise conditions matrix pro-
vides the realism this thesis pursues. The same holds for the velocity matrices.

It is interesting to see that the cruise grid does not stick to a single pressure altitude for a
given aircraft weight. In practice this leads to potential step descents along a ight pro le.
Although they are not uncommon in practice, most ights only feature step climbs. Closer
inspection however notes that the fuel optimal conditions are governed by the local specic
fuel ow (V=ff). Note that on a single pressure altitude, di erences in temperature lead to
di erence in aerodynamic drag sinc&Cp = f (C ;M) and M = f(Thrust; V). This implies a
change in required thrust for steady horizontal ight, which changes the fuel ow and in turn,
the local speci ¢ fuel consumption. In some nodes this leads to a higher or lower cruise alti-
tude. Therefore, even though cruise typically features step climbs, the cruise grid also has step
descends due to temperature variance over pressure altitudes. In order to keep the complexity
of the simulation within limits, the cruise conditions as dictated by the optimality matrices is
kept as guideline for simulation of all ights rather than post processing it by smoothing or
altering it in another way.

One of the main concerns with any grid based interpolation is to which extent the inter-node
conditions are accurate. In most cases an easy way to improve inter-node accuracy is simply
by increasing the resolution of the grid. As mentioned this is not an option, therefore what
is left is to choose an appropriate interpolation scheme. The interpolation function provides
the following options for 3D interpolation: nearest neighbor, linear, cubic and spline. Due to
the discrete nature of the ight level changes any interpolation scheme that does not output a
distinct ight level is undesirable. Moreover, due to the fact that most optimal conditions are
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